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SUMMARY
The synthesis of ammonia and cleavage of water have 
been studied using different photo-catalysts in 
fluidised bed reactors.
Ammonia has been photo-synthesised over iron-doped 
titanium dioxide mixed with y-alumina. Irradiation 
was carried out with a 100 watt medium pressure 
mercury lamp. The synthesis reaction was carried 
out at 84^C and atmospheric pressure. High purity 
nitrogen saturated with water was used for the synthesis 
reaction in a gas-solid flat fluidised bed reactor.
Methods of preparation, TiOg to y-alumina ratio and the 
concentration of doped metals such as iron, platinum 
and ruthenium were varied to find the most suitable catalyst 
formulation. Flow rate, particle size, reactor temperature 
and the position of the lamp were varied to obtain the 
optimum production of ammonia. A comparative study was 
made between fixed bed and fluidised bed reactors.
The cleavage of water and fixation of nitrogen have been 
successfully performed using titanium exchanged zeolites 
irradiated by visible light. The cations in Laporte type 
3A, 4A and 5A zeolites were exchanged with titanium
ions using titanium trichloride solution. ESR analysis
3+showed the presence of Ti in the exchanged zeolites.
When titanium exchanged zeolites were immersed in water 
and exposed to visible light irradiation, hydrogen 
was produced. The Ti^* ions were depleted probably 
because they combined with oxygen produced from the 
water cleavage reaction to form titanium dioxide. The 
Ti^^ ions were replenished by a re-exchanging process. 
Introducing nitrogen into the reactor resulted in the 
formation of ammonia. The reaction was carried out in 
a gas-solid-liquid fluidised bed reactor. Ammonia was 
also obtained when air instead of nitrogen was used for 
fluidisation. Concentration of the exchange solution, 
duration, pH inside the reactor, and particle size, were 
varied to find the optimum conditions for ammonia production
Production of hydrogen and ammonia increased during 
successive exchanges. These results were not affected 
by the cutting off of UV irradiation, thus raising the 
potential of utilising solar irradiation.
Small scale-up studies showed that production of hydrogen 
and ammonia increased when a four pass reactor was used 
instead of a single pass reactor. Flow rate was varied 
to investigate the advantages and/or disadvantages of 
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C H A P T E R
I N T R O D U C T I O N
1.1 Introduction
The world reserve of fossil fuels is being used up at a
rate much faster than nature's ability to replenish them 
(1-7 ) Annual world consumption of energy is about
SxlO^^ kcal and doubles every 15 to 20 years. The amount
of estimated energy that can be produced by burning all
19the prospected fossil fuels of the earth is about 10 
kcal. The rate at which the fossil energy sources are
being replaced is not sufficiently rapid to balance the
energy needs of our civilization. Therefore the search
for alternative sources of energy is most urgent. The
role of nuclear energy is limited because sources of
nuclear fuel are limited and are not readily available.
The processes in generating nuclear energy are not yet
totally safe. In terms of long term prospects solar
energy appears to be a more promising alternative.
Solar energy is continuously being received by the earth
in amounts far exceeding the needs of our civilization.
The annual amount of solar energy coming to the earth is 
21about 1.2x10 kcal. A large part of this energy, about 
4xl0^^cal, is reflected by the atmosphere and the 
earth's surface and is lost. The rest of the energy is 
absorbed by the atmosphere (2xl0^^kcal), oceans and 
seas ( 4.2x10^^ kcal) and land (1.8x10^^ kcal).
Of the solar energy absorbed 6x10^^ kcal /year are 
converted into chemical energy via photosynthesis in 
plants and micro-organisms. About 8x10^^ kcal /year
are being utilized as fuels and 4x10^^ kcal/year as 
food.
Use of solar energy is restricted by the following 
factors.
i) Low density of energy flux (3.33x10 ^ kcal/cm^ Sec),
ii) Dependence on weather, day and night variations etc
iii) Necessity of converting the light energy into a
convenient form for practical use.
In spite of these limitations, solar energy could be 
used in the following ways.
i) Collection of sunshine, either with or without
concentration. Nature stores solar energy without 
concentration while man stores it in concentrated 
form by mirrors and lenses in solar furnaces,
ii) Conversion of solar radiation into other forms of
energy by means of photo-chemical, photo-electric 
and photo-galvanic processes.
The present investigation aims at studying the photo­
chemical conversions of solar energy by non-blological 
systems. The use of photo-chemical processes are however 
limited because the solar radiation reaching the surface 
of the earth has a distribution of wave length between 
350 to 1100nm. The infra-red radiation is not useful 
for promoting photo-chemical reactions since it cannot 
cause electronic excitation. The requirements for the 
photo-chemical conversion of solar energy have therefore
/ g \
been suggested' ^as follows.
1 The electronic absorption spectrum of the conversion 
system must overlap the emission spectrum of the 
sun.
2 Upon absorption of solar radiation, the system 
must be able to undergo an endothermie photo­
reaction.
3 The endothermie photo-reactions must be followed
by other (thermal or photo-chemical) reactions which 
will restore the system to its original state, ie, 
the process must form a closed cycle.
4 The quantum yield of the endothermie photo-reaction 
must be as high as possible.
5 At least one of the reactions involved in the cycle
must be a useful reaction.
6 The useful reaction should return as large a
portion as possible of the solar energy absorbed.
7 The products of the useful reaction should be
suitable for storage and transportation.
8 The systems must be economical.
The energy crisis may turn out to be a very acute one 
if nothing is done urgently to provide an alternate 
means of energy supply. Solar energy,in spite of its 
limitations, provides a ray of hope for the future.
Recent research on the photo-production of
hydrogen and other important industrial chemicals which 
could be easily stored and transported have yielded 
encouraging results and should be vigorously pursued.
1.2 Objectives
The objectives of the present study are:
1 To find suitable catalysts or catalytic systems 
which will promote the photo-production of hydrogen and 
ammonia.
2 Tt) study the performance of these catalysts in gas- 
solid or gas-liquid-solid fluidised bed reactors.
No fundamental studies on the chemistry of the reaction 
or the photocatalytic nature of the catalysts that have 
been tested were carried out. Such studies are essential 
for a fuller understanding of these photo-assisted 
processes and should therefore be followed up.
1.3 Layout of the Thesis
Selected photo-chemical processes that have been reported 
in literature are briefly outlined in Chapter 2.
Emphasis is placed on those processes which employ semi­
conductors and exchanged zeolites for the cleavage of 
water and synthesis of ammonia.
Chapter 3 deals with the use of doped TiOg, a semi­
conductor material, in a gas-solid fluidised bed 
reactor to assist the photo-decomposition of water 
together with the photo-reduction of nitrogen. The 
advantages of the fluidised bed reactor and that of flat- 
walled reactor geometry are discussed.
Studies based on titanium exchanged zeolites are presented 
in Chapters 4 and 5. The former reports the results of 
hydrogen production in a static gas liquid system, 
whereas the latter chapter deals with the synthesis of 
ammonia in a gas-liquid-solid fluidised bed reactor.
The last Chapter presents further relevant discussions 
on the photo-assisted reactions and the conclusions of 
this study.
C H A P T E R
G E N E R A L  P H O T O C H E M I C A L  P R O C E S S E S
2.1 Brief History of Photo-Chemical Processes
Hydrogen, which means in Greek 'water-maker' was the
second element identified by Antoine Lavoisier in the
( 9 )middle of the 18th century . Since then, it has found 
great application in industrial technology. The first 
application of hydrogen was, as the basic component of 
town gas. Soon it was used as the major component in 
the Haber process for the synthesis of ammonia. Thereafter 
it found growing application in oil and chemical industries
As early as the beginning of the 19th century efforts 
were made to produce hydrogen from water. The initial 
work was concentrated on electrolysis. The first 
electrolytic cells were built in the early 1800's.
The fact that electrolysis itself requires electrical 
energy makes the process not attractive as a means of 
providing energy. There is therefore incentive to 
look at the conversion of solar energy into other 
useful forms of energy, including the production of 
hydrogen.
It is possible to generate electricity by a thermal 
method using solar energy. Water can then be decomposed 
to O 2 and H 2 electrically. Because of its low efficiency 
this process is not pursued rigorously. Work on thermo­
chemical water splitting process involving the 
decomposition of sulphuric acid and hydrogen iodide is 
still in its infancy^^^^.
The most attractive conversion processes are based on 
photo-chemical means. Hydrogen can be formed directly 
by the photolysis of water. But the reaction requires 
energy to photo- excite water molecules to a triplet state before 
decomposing to hydrogen and oxygen. The energy require­
ment is in the region of 190-310 n m  ie, 6.5-4.0ev. 
Unfortunately this is well outside most of the solar
energy spectrum available on earth which ranges
(11)
between 350 to 1100 nm i.e. 3.5 to 1.1 ev
(12)Paleocrassas suggested that water may be decomposed
to hydrogen and oxygen electrochemically in the presence
of a 'photo-catalyst', with a potential difference of
only 1.23 e v. A photocatalyst is a catalyst which
promotes a reaction only in the presence of light. For
example a suitable photo-catalyst can be used to promote
the cleavage of water.
Photo-catalyst 
HgO + h v  ----------- > H^ + (1)
which can further be described by the half-reaction
H^O + light + A --- > 2 (Reduced A) + 0 + 2H"^  (2)
and
2 (Reduced A) + 2h ‘^ --- > 2A + H^ (3 )
where A is a photo-catalyst.
2.2 Various Proposed Schemes
Zamaraev and Parmon^^'  ^^ have classified possible 
photocatalytic processes for water cleavage which may 
lead to the production of oxygen and hydrogen according 
to the following schemes.
2.2.1 Scheme 1
A primary electron donor (acceptor) for the excited state 
of the photo-catalyst is either a water molecule itself 
or its fragments (OH", H+), the product of the primary 
oxidation (or reduction) being formed in the free (un­
coordinated) state, and participating as such in further 
transformations resulting in the formation of O 2 (or H 2 ).
At the same time, a reduced (oxidized) state of the 
photo-catalyst is thermodynamically capable of closing 
the water cleavage cycle in the absence of light ie it is 
a sufficiently strong reducing (oxidizing) agent to produce 
hydrogen (or oxygen). A reduced (oxidized) form of a 
dye could be used to produce hydrogen and oxygen if allowed 
by its formal redox potential. CUgq+ or dyes could
be used as catalysts^^^
2.2.2 Scheme 2
Scheme 2 is the same as Scheme 1, except for the fact that 
the products of oxidation (reduction) of water are produced 
and remain coordinated (absorbed) by the photo-catalyst or 
some other substance until being involved in further chemical
transformations. Hydrogen evolution can proceed from 
the protonated excited state i.e. through collision of 
the protonated species with each other and/or with 
strong reducing agents, or through the subsequent 
protonation at repeated excitation. An example of 
scheme 2 is the photo-chemical production of hydrogen
from silver exchanged zeolites A and 43,45)
. hv _ X
2Ag + 2ZO + H^O  »2Ag + 2Z0H + (4)
The cycle of water cleavage is closed by heating to
600°C to obtain hydrogen.
Ag° + ZOH É2&Ag^ + ZO” +' (5)
2.2.3 Scheme 3
In the primary photo-chemical act of this scheme, water 
is not decomposed but strong one-electron oxidizing and 
reducing agents capable of producing oxygen and hydrogen 
from water in the absence of light are simultaneously 
formed. Effective methods of charge separation are required 
for the working of this sytem, which is accomplished by a 
suitable photo-catalyst. Natural and i m p r o v e d s y s t e m s  
of photo-synthesis and semi conductors  ^are believed
to work according to this system.
2.2.4 Scheme 4
Water is dissociatively adsorbed (e.g. forming ads,
0H° ads, or 0° ads) on the surface of the heterogenenous
10
catalyst or dissociatively coordinated to a homogenous 
catalyst due to the formation of a strong chemical bond 
between the fragments of water dissociated and the atoms 
of the catalyst. Light is used to provide the recom­
bination of adsorbed (coordinated) intermediate species 
and/or photo-desorption (photo-elimination) of the final 
products. Data on systems that could provide water 
cleavage via scheme 4 are very scarce. Formation of methane 
from CO 2 and gaseous H 2 O, reported in (20) is in example 
of this scheme. It is possible that the actual photo- 
catalytic/photo-assisted process might be a combination of 
these schemes.
2.3 Photo-Assisted Cleavage of Water and Synthesis of Ammonia
Photo-catalysts which have been used for the water cleavage 
and ammonia synthesis reactions can be divided into three 





A compound salt photo-catalyst first oxidizes and then 
reduces water. Heidt^^^^ has proposed the following 
mechanism. Quantum yield is given in parenthesis. 
Photo-reduction
2Ce4+ + H 2 O )2Ce3+ + î$02 + 2H+(36%) (6)
Photo-oxidation
2Ce3+ + 2 H 2 O — 2Ce4+ + H 2 + 20H” (0.1%) (7)
11
Net reaction
 ^ + ^0^ (8)
A high intensity mercury arc lanp was used to photo-catalyse
the reaction. The efficiency fell when the reaction
was performed under sunlight. Using near ultra-violet
irradiation maximum quantum yield of 2% was obtained.
Several days of illumination by sunlight resulted in 
-8lO moles of hydrogen production.
Mann and coworkers irradiated [Rh^ (bridge)
in 12 M, HCl solution at 546 nm forming
2 +[Rhg(bridge)^ Clg] and hydrogen. The quantum yield 
in rigorously degassed 12 m  HCl was reported to be
0.004 - 0.002. Some a u t h o r s h a v e  given the quantum
(14 17 23)
yield in percentage while others ' ' have used the
absolute value. The quantum yield quoted in this section is
as mentioned in the literature.
(17)Kiwi and Gratzel were able to produce hydrogen from
a dispensed platinum solution in poly vinyl alcohol.
2 +Platinum was used as a mediator, RuXbipy)^ as a
sensitizer and EDTA as an electron donor. Irradiation
was carried out by a 450 watt xenon lamp through a
400 n m  cut off filter and a water filter to eliminate
IR irradiation. The production of hydrogen increased
with decrease in particle size of the catalyst. At 
o
100 A a maximum of 12 litres of hydrogen per day per 
litre of solution was obtained. The solution contained
12
0.35 mg Pt per 25 ml solution. The quantum yield 
obtained was q J.3.
Jones and Cole-Hamilton reported the production of
hydrogen by irradiating metal ccmplexes with ultra-violet as 
well as visible light. Irradiating aqueous solutions of 
5 x 1 0 ^  mois of [PdfPEtgkg] at pH 2.5 for 4 hours produced
6 X 10  ^mol of hydrogen. Using visible light the
production of hydrogen was slower. The mechanism proposed 
by them is as follows:
M f P E t ] ) ]  t  H~^  — [HMCPEt^)^]'*'  (9)
•f + ^2^ 2+[HMXPEtg)^] + H ^  [HgMfPEtg lg fHgO)]   ^ (10)
2+ 2+ [H2M(PEt3)3(H2Û)]  > [M(PEt3)3(H2O)] + +H2
where M = Pd.
The low rate of production of hydrogen was attributed to
the very small equilibrium constant for the second
reaction (Eq. 10) . No oxygen or H^Og was detected in these
reactions. They also reported the production of hydrogen
when nucleophilic platinum metal complexes were irradiated
under visible irradiation. The production of hydrogen
increased when rhodium was substituted in place of platinum. 
(19)Yoshida et al reported no cleavage of water when
nucleophilic rhodium metal complex containing pyridine as 
ligand was irradiated even under ultraviolet irradiation.
13
Sakata et al attempted to reduce methyl
viologen by chlorophyll to obtain hydrogen
MV+ + H+ -> MV2+ + hE2 (12)
Since the redox potential of Mv2+/MV+ using the normal 
hydrogen electrode (NHE) is -0.44V, hydrogen evolution 
from MV^ is thermodynamically possible. However the 
reaction rate was much too low to yield any detectable 
hydrogen. Hydrogen was detected when Pt or Pd was 
added. When chlorophyll-a was excited by visible light, 
it oxidized EDTA and reduced Mv2+. They were able to
construct a better photo-synthesis system using 
Zn-chlorophyll and Zn-tetraphenyl porphines.
2.3.2 Serai conductors
Photo-chemical effects at se.Bii conductor surfaces have
been known for a long time. The first description of
a photo-current due to illumination of a semiconductor
electrode (AgCl) by sunlight was given by Becquerel in
1839. In 1955 Brittain and G a r r e t t i n v e s t i g a t e d
the effects of light on germanium in contact with an
(2 2 )
electrode. In 1960, Williams studied this process
with a number of semiconductor compounds, viz CdS,
(23—3?)
CdSe, ZnO, GaAs etc. Others have placedmore
emphasis on Ti0 2 .
14
A semi-conductor may exhibit conductivity which is 
either n -type (mobile electrons in the conduction band) 
or p-type (mobile holes in the valence band). When 
used as electrodes these mobile charged carriers in 
the semiconductor can interact with various redox 
couples in the solution. Unlike the electronic state of 
metal a semiconductor has band gaps.
It has certain energy levels, valence band 
or conduction band (plus any surface states) which can 
interact with ionic species in the electrolyte Oxidation 
of ions in the solution can occur under conditions of 
anodic (positive) bias via the conduction band in 
n -type materials or via the valence band in p -type 
materials. Reduction proceeds with cathodic (negative) 
bias again via the conduction band in n-type materials 
and via the valence band in p -type materials (in the 
dark). When light is applied to a semi conductor 
liquid electrolyte system, it becomes possible to 
obtain a photo-voltage and a j±ioto-current similar to 
that in a solid state j^oto-voltaic device.
In 1972 Fujishima and H o n d a w e r e  the first to
report the photo-assisted cleavage of water 
without an external circuit. They suggested that
electrolysis of water can occur without applying
electric power if one of the three conditions is
fulfilled.
i) Oxygen evolution occurs at a potential more
15
negative than that at which hydrogen evolution occurs 
in normal conditions.
ii) Hydrogen evolution occurs at a potential more 
positive than that at which oxygen evolution occurs in 
normal conditions.
iii) The potential for oxygen evolution is made more 
negative and that for hydrogen made more positive until 
the former is more negative than the latter.
(24 )The same authors, together with Kikuchi found
that when TiOg, an n type semiconductor was 
irradiated with photons having wavelengths shorter 
than 415 nm an anodic current could be established.
This wavelength corresponds to the band gap of TiOg ie, 
3.0 e.v. It was found that the current was proportional 
to the intensity of the light. The current reaches 
saturation at a potential positive to a saturated 
calomel electrode (S.C.E.). The same phenomenon was 
observed with other n-type semiconductors, such as 
ZnO and CdS.
(2 3)They suggested the following scheme for the
decomposition of water into oxygen and hydrogen.
Ti02 + 2hv --- ► 2e + 2p^ (13)
(excitation of TiOg by light)
2p'*' + H^O --- %0g + 2H"^  (14)
(at the Ti0 2  electrode)
16
2e" + 2H+ H 2 (15)
(at the platinum electrode)
The overall reaction is
H 2 O + 2hv ^ 0 2  + H 2 (16)
Addition of Fe3+ ion increased the yield. The quantum 
efficiency obtained using a 500w xenon lamp was 0.1
(25)
Schrauzer and Guth were able to photolyse chemi-
sorbed water on incompletely outgassed Ti0 2 / forming
H 2 and O 2 . When molecular nitrogen was present, the
same catalyst was capable of synthesising ammonia by
the photoreduction of nitrogen. Traces of N 2 H^ and
molecular oxygen were also obtained. Doping the catalyst
with 0.2 wt percent iron increased the production of NH^
significantly. The yield decreased when the amount of iron
was increased beyond 0.2 wt percent. This reduction in
yield was attributed to diminished active surface. The
catalyst was irradiated for three hours with a 36 0 w lamp
in the near ultraviolet region (390-420nm). Cn prolonged irradiaticn no 
further increase or decrease in the production of airironia vas observed.
Van Damme and Hall^^^^ and later Sakata et al^^^^ tried
the photolysis of water as described by Schrauzer and 
(25 )
Guth . Neither of them was able to reproduce the
(25)
amount of hydrogen obtained by Schrauzer Guth 
The catalytic nature of the process reported by
(25)
Schrauzer and Guth' ' was therefore left in doubt.
(26 )
Van Damme and Hall suggested that the hydrogen and
17
(25)oxygen observed by Schrauzer and Guth could have come 
from the photo-reaction of hydroxylated surface layer 
of the TiOg and not from water cleavage. They suggested 
the following mechanism.
p^ + OHlSurface)— > OH(Surface) (17)
e" + Ti^+ -- » Ti^+ (18)
The participation of surface OH groups as hole traps 
and the identification of Ti^^ ions in various environ­
ments as donor centres conferring n-type conductivity 
have been widely proposed. Band to band transition and 
charge trapping according to Eqs. (17) and (18)could be 
described in an equivalent manner.
4 ^  “ h V * 3 o
Ti* - OH ---  ^ Ti^ - OH (19)
The right hand member of the above equation provides 
an adequate centre for further reaction or for electron- 
hole recombination.
4+
The Ti ion near the surface may therefore be expected
to be largely ionized leaving an active chemical species 
4+ o
of the type Ti — OH . The very high turnover number for 
O^ evolution suggests that is not produced directly 
from the decomposition of Ti4+-0H° since that
would require the rehydroxylation of the surface.
Surface rehydroxylation is a slow process even when an
excess of water is present. Possibly, only physically 
adsorbed water is decomposed according to the following 
charge transfer process.
18
- OE + HOH(ads) -- > - Oh" + OH + (20)
followed by
20H°-- >^2^2 -- > + HgO (21)
Though OH radicals andH 2 0 2  have been detected upon 
irradiation of Ti0 2  in water, there is no direct 
evidence of this proposed mechanism.
Sakata et al^^^^ believed that a catalytic cycle for 
water decomposition could be constructed if oxygen 
from the surface could be continuously released to 
form reduced surface sites. On irradiation of powdered 
Ti0 2  in the absence of water no appreciable amount of 
oxygen was detected, so they added RUO2 / which is
one of the best materials for oxygen evolution with the 
lowest over potential. The Ti0 2  - RUO2 mixture, 
decomposed water continuously and catalytically. The 
amount of hydrogen and oxygen produced from the mixed 
catalyst was much higher than from Ti0 2  alone. The 
total amount of hydrogen after 5 days of irradiation was 
0.11 mmole from 30 mg of Ti0 2 ”Ru0 2  catalyst. They 
also observed that reduced surface of Ti0 2  could 
decompose water if the reduction was done under ultra­
violet irradiation. This method of reduction increased 
the yield by tenfold. They proposed the following 
scheme. Heavy water was used to eliminate other source 
of hydrogen formation. Electrons (e) and hole (p) were
generated by band gap irradiation (eq.13) which further 
4 +reacted with Ti as
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- O + 2e + 2p ---> Ti^+os + 2e + (22)
(0_ e v o l u t i o n )
4+ 3 +
Ti -as + e Ti - O s  (23)
hV|heat (formation of Ti^^)
Ti^+ - O s  + 2e + D^O — * Ti^+ - O + Dg (24)
(D^ evolution)
Ds denotes oxygen deficiency at the surface. 
Furthermore they were able to produce hydrogen from 
Ti 0 2  even after water, including that which was 
physically adsorbed, had been driven out completely. The 
continuation of hydrogen evolution indicates that the 
following reaction must have occurred.
Ti^+ - OD Ti^+ - O + %D2 (25)
(21 )Other work done by Kawai and Sakata  ^ support these 
results.
Sato and W h i t e h a v e  suggested that the production
of hydrogen is a photoassisted reaction as a result of
the production of electron hole pair in the solid. The
reaction is between water and oxygen vacancies which are
produced due to reduction. The reaction can proceed
in the dark at 200^0. The mechanism of water photolysis
(29)
over Pt/Ti0 2  was described in analogy with photo
electrochemical cells. In an acidic solution a suitable 
mechanism could be described as
+ TiOo o +
H 2 O + p — ^  OH + H (26)
2 0H°îiS2 + 0(a) (27)
TiO?
2 0 ( a )  O- (28)«C  Z
H ^ + e H(a) (29)
2H(a) — ^  H^ (30)
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In neutral or alkaline solutions , following equations
would replace E q . (29).
, + TiO? o 
OH + h — ^  OH (31)
H^O + e H(a) + OH" (32)
denotes a positive hole.
The quantum efficiency of H 2 and O 2 production using 
platinised Ti 0 2  obtained by these authors reached about 
7% at the beginning of the reactionbut declined with 
the accumulation of the products due to themal back 
reaction over Pt. The effect of the back reactions could 
be reduced by adding sodium hydroxide to the catalyst.
Augugliaro et (31/32) able to produce 2 5 - 5 0 wg/hr
of ammonia in a fluidised bed reactor using five grams 
of catalyst which contained iron doped titanium 
dioxide and Y-alumina in the ratio of 1  to 4 .
These workers and also Schrauzer and Guth^^^^ have
studied the effect of iron content on the yield of
ul 
(32)
(25 )ammonia. Schrauzer and Guth reported best res ts
with 0.2% iron in the TiÛ2 while Augugliaro et al
(25 )
found 0.5% iron doped Ti0 2  better. Schrauzer and Guth
also found that a mixture of anatase and rutile form of
(32 )Ti0 2  gave better yield, while Augugliaro et al reported
that anatase performed better.
(31 32)Augugliaro et al ' have also proposed a react ion
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mechanism for the synthesis of ammonia. Under band 
gap irradiation the following primary processes
take place. hv
Ti0 2  e + p (33)
The positive holes are trapped by the OH group present 
on the surface
OH"(ads) + p ^ OH° (ads) (34)
4 +
The electrons are trapped by Ti ions
4 + 3 +
Ti + e -> Ti (35)
The scheme for ammonia synthesis could then be:
6Ti^+ - o h " 6Tl3+ - OH (36)
6Ti^+ - OH °  > 6Ti^+o + 3H20(ads) + I.5 O 2
(37)
6 Ti^'o + N 2 (ads) + eH^Ofads) 6 Ti*^ - OH" + 2 NH3
(38)
The overall reaction is
N2(ads) + 3H20(ads) 2NH] + I.5 O 2 (39)
Many r e s e a r c h e r s h a v e  used titanium oxides combined 
with other compounds for the cleavage of water 
S rTiO^ containing NiO was found to produce hydrogen 
and oxygen Water vapour subjected to pressures
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of 1 to 8 atm was photolysed over the platinized surface of 
a single crystal SrTiOg at 650°C to 723®C under the illumin­
ation of high pressure mercury discharge lamp, to produce
( 35 )
0.161 ml of hydrogen at STP . Rhodium deposited on SrTiOg
produced 0.628 ml of hydrogen and 0.316 ml of oxygen^
SrTiO] powder produced 0 156pL of H 2 together with half
( 37 )the amount of oxygen during 1 2  hours of illuminations
Recently Grâtzel and c o - W o r k e r s ^ h a v e  performed the 
cleavage of water by irradiating redox catalyst composed 
of Pt and RUO2 co-deposited on a colloidal Ti0 2  carrier 
using both ultra-violet and visible light. They were able 
to produce 2 to 3 ml of hydrogen per hour from 500 mg/L of 
catalyst but the yield decreased as the photo-stationary 
state was approached.
Miyama et al^^^^ employed a process similar to that of
(25)
Schrauzer and Guth but using a mixture of TiO»2 with plat­
inum and Eval produced 2.8 mol of ammonia in 5 hours. Eval 
is a copolymer of 32 mol % ethylene and 6 8  mol % vinyl 
alcohol. Using GaP with Pt and Eval they were able to 
produce 7.5 jimol/0.3 g catalyst of ammonia in 5 hours.
2.3.3 Exchanged Zeolites
The structure of zeolite A has been discussed in numerous 
books and original papers (see for example references 81-83) 
Some basic information extracted from these references 
is . presented here. The aluminosilicate framework of
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zeolite A can be described in terms of two types of 
polyhedron. One is a simple cubic arrangement of eight 
tetrahedra, the other is a truncated octahedron of 24 
tetrahedra or 3 - cages. The aluminosilicate framework of 
zeolite A is generated by placing the cubic building unit 
Al^Si^O^G in the centre of the edges of a cube having 
a distance of 12.3A between the edges. This arrangement 
produced truncated octahedral units centred at the 
corners of the cube. Each corner of the cube is 
occupied by a truncated octahedron ( 3 -cage) enclosing 
a cavity with a free diameter of 6 .6 Â. The centre of 
the unit cell is a large cavity which has a free 
diameter of 11.4A. The tetrahedra centres around this 
large cavity, referred to as the a-cage, occupy the 
apices of a truncated cuboctahedron. The unit cell 
of zeolite A contains 24 tetrahedra, 12 AIO 4 and 12 SiO^. 
When fully hydrated, a unite of zeolite A crystal has 
27 water molecules. These are 12 Na"^  in the hydrated 
zeolite A, which is the basic form, known as 4A, and 
the starting unit for other type A zeolites. 8 Na'*' 
out of the 1 2  are located near the centre of the 6 
rings on the 3 fold axis inside the a-cage. This 
position is referred to as site I. The disposition 
of these eight cations is not known for certain but it 
has been suggested that four windows have only one 
Na'*’ while the other two windows have each a pair of 
Na"^  ions. The remaining four Na"*" per unit cell are 
believed to occupy sites in or very near to the plane
24
of the interconnecting windows. The interconnecting 
windows have a free diameter of 4.2 J^
When a sodium cation is replaced by a potassium cation
the free diameter decreases to 3.2& . The potassium
form of zeolite A is therefore called 3A. On replacing
two Na^ by each Ca^^ the windows become depopulated of
o .
ions and the free diameter increases to 5.2A . This 
calcium form is referred to as zeolite 5A. The 
Laporte 3A and 5A zeolite still contain 20% Na^.
(40)
This percentage varies slightly between various batches.
Among the first to use zeolite for the cleavage of water
(41)were Kasai and Bishop who used copper exchanged 
zeolite. Oxygen was produced at a temperature greater 
than 300°C. Jacobs et al^*^^ obtained oxygen and 
hydrogen using silver exchanged zeolite. AgY zeolite 
evacuated and saturated with water was exposed to 
sunlight for two hours. The reactions were as
follows.
2Ag‘*‘ + 2Z0" + H^O 2Ag^ + 20H + ^O^ (42)
2Ag° + ZOH eOO^C Ag"^  + ZO” + (43)
ZO represents zeolite lattice. The first reaction 
was assisted by light irradiation while the second 
reaction was achieved by heating at 600^0. The 
maximum amount of hydrogen produced was 0.14 mmol per 
gram of zeolite Y. These authors have also reported 
success in producing hydrogen using magnesium
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exchanged zeolite X.
(4 3)Leutwyler and Schumacher performed similar
experiments using silver exchanged zeolite A instead 
of zeolite Y, and obtained oxygen and hydrogen. The 
quantum yield for oxygen evolution obtained was in the 
order of 0.6. The quantity of reduced silver obtained 
from the first reaction was stoichiometrically 
equivalent to the amount of oxygen produced. The 
quantity of hydrogen obtained during the high temperature 
step, reaction 43, was less than the quantity obtained 
by Jacobs et al^^^^. The validity of using mass 
spectrometry for hydrogen analysis by Jacobs et a l was 
questioned. Because of the light weight of hydrogen, 
the results of mass spectrometry were not reproducible.
(4 5)Kuznicki and Eyring reported the formation of
hydrogen for forty-five minutes using titanium
exchanged zeolite A. The potassium form of zeolite A
was soaked in 2 0 % titanium trichloride solution for one
hour at room temperature. ESCA peak area indicated that
7 5 % of the potassium cations were exchanged with titanium.
The ESR spectrum observed by them was similar to that
observed by Ono et al for titanium exchanged zeolite
Y. The spent catalyst could be thermally regenerated at
275°C under a vacuum of 3 x 1 Torr. After four hours
of regeneration an ESR signal half as large as the initial cne was 
obtained from the regenerated zeolite.
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2.3.3.a Cation Exchange Methods
In conventional ion exchange procedures the exchanging 
solution and the zeolites are allowed to interact in the 
stirring solution for several days^^^^. Ono et al^^^^ 
has used conventional methods for exchanging 'Y ' 
zeolite with TiClg solution. The particle size and the 
concentration of the exchanging solution were not reported 
Soga et al^^^^ reported the polymerizations of propylene 
using titanium exchanged zeolite prepared by the convent­
ional method. Mitsubishi Petro-Chemical Co Ltd Japan 
p a t e n t e d ^ o n  the polymerizations of olefins using 
titanium exchanged zeolite. The sodium form of Y zeolite 
was exchanged with 20% TiClg solution for one hour at 
15°c. The exchanging procedure was repeated several times
Titanium trichloride is unstable in non-acidic media, 
precipitating as titanium hydroxide. It is stable at pH^ -'O 
Hence the titanium trichloride solution is available only 
in about 20% HCl. Zeolite is unstable in acidic media 
resulting in the formation of a gel. In the work^®^ 
cited above the resultant titanium exchanged zeolite was 
filtered which indicated that the titanium exchanged 
zeolite was in the form of gel.
(87)Recently Kamarov et al proposed an alternate method 
for making titanium exchanged zeolite. TiCl^ vapour was 
deposited on the zeolite and followed by hydrolysis. The 
details of the methods has not been published yet.
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In order to maintain the crystalline structure of the 
zeolite Kuznicki and E y r i n g ^ e x c h a n g e d  'A' zeolite 
with 20% TiCl] solution for one hour at ambient temperature 
They used a ratio of one gram of zeolite to two millilitres 
of exchanging solution.
2.4 Photo-chemical Reactors
The behaviour of a photo-chemical reactor can be 
described by the light intensity profile, basic reaction 
kinetics and material balance for the reactor. The 
light intensity profile is dependent on the geometry of 
the reactor and light absorption characteristics.
2.4.1 Reactor Geometry
The influence of reactor geometry on the performance of 
photoreactors has been discussed elsewhere. (47,51)
Results from parallel plate, cylindrical, annular and 
spherical shell reactors have been compared. In the 
case of parallel plate reactor the light rays are uniform, 
parallel and perpendicular to the wall of the reactor.
For cylindrical reactor the irridiation is in the radial 
direction. For an annular reactor the radiation comes 
radially from a cylindrical lamp inside the annulas.
For a spherical shell reactor, radiation is directed in 
the radial direction from inside the spherical shell. 
Comparison of results shows that the reactor volume 
required for a given conversion increases from cylindrical 
to flat plate, to annular and the spherically shaped 
r e a c t o r s .
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2.4.2 Light Intensity
To have efficient and uniform radiation on cylindrical
photo-reactors they should be placed within the cavity of an
elliptical r e f l e c t o r ^ ^ . Such an assembly provides an
excellent means for efficient irradiation of the reactor and
had been extensively used in photo-chemical research. In
practice, the reflector produces only diffused light at the
reactor surface. If one assumes that the light source behaves
as an idealised line source then it could be concluded that
it emits radiation uniformly in a direction normal to r
the source of the axis. The elliptical reflecting surface is
assumed to be a perfect reflector, therefore the light falling
on the reactor which is placed at the focus of the ellipse can
be considered uniform and directed radially inward over the
length of the reactor. But any displacement of radiation from
the focus of the lamp and imperfection of the reflecting surface
will give rise to diffused illumination of the reactor. Moreover
the light source emits radiation in all directions and not merely
normal to the lamp axis, which therefore adds to the diffuse
nature of the irradiation. The light intensity is fairly
uniform over the radius near the reactor focus. Jacob and
(24)
Dranoff have found that light intensity is essentially 
uniform at least in the central 0.5" of a cylindrical reactor 
with a maximum difference of 5%, including experimental errors.
If the cylindrical reactor is replaced by a parallel plate 
reactor the distribution of light intensity across the width 
of the bed varies.
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2.4.3 Reaction Kinetics
For a non-chain photo-chemical process the rate of 
formation of a product per unit volume may be expressed 
as the product of the rate of light absorption per unit 
volume and the overall quantum efficiency A c l . The 
quantum efficiency is dependent on the quanta of light 
absorbed. Since there is a contribution to conversion from 
each wave length an integration must be performed over 
the spectral energy distribution of the source. For 
practical purposes this may be performed as a finite 
summation over small wavelength intervals or bands by 
using an average absorption coefficient for each internal. 
Thus
% ' ^ A A
P^(c) =2 ] HA , cl^ (J)A, c, I (44)
X
The equation above may be integrated over the entire 
volume of the reactor at any instant (constant c) in order 
to obtain a relation for the instantaneous rate of reaction 
in the vessel. ^ ^
P(c) = 2t\ J* J' P v  (c) rdrdz (45)
0. r,
2.4.4 Mixing Effects
The mixing of reactants and the catalyst inside the reactor 
affects the extent to which concentration gradients, caused 
by variations in light intensity with path length, are 
eliminated. Complete mixing in this sense means that the 
concentrations of the activated species would be uniform 
throughout the reactor. No mixing means that the full concen­
tration gradients resulting from Lambert's Law would exist. 
Hill and F e l d e r h a v e  experimented with cylindrical flat 
plate and annular reactor with no mixing, complete lateral
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(perpendicular to the direction of flow) mixing and 
complete mixing. Though t h e i r s t u d i e s  were based on 
chain reaction, the advantages of complete mixing over 
no mixing in photo-reactors could hardly be overlooked 
even in non-chain reactions.
2.4.4a Fluidised Bed Reactors
The term fluidisation is used to designate the 
fluid-solid contacting process in which a bed of 
finely divided particles is lifted and agitated by a 
rising stream of process fluid.
A fluidised bed reactor has certain advantages over a 
fixed bed^^^'^^). Solid distribution in the former is 
much more uniform than in the latter. Since the particle 
size used in a fluidised bed are usually smaller than 
those used in a fixed bed, resistance diffusion through the
particle is therefore smaller. Mixing between reacting fluids 
and solid catalyst is unifom and hence the efficiency of -the
catalyst is increased. A fluidised bed also permits the
addition or withdrawal of solids from the reactor. The
expansion of the bed and continuous change of particle
position markedly enhances uniform irradiation. The
disadvantages of a fluidised bed are the high fluid
velocity required for fluidisation. High fluid velocity
decreases the residence time which in turn reduces
the conversion of the reactants into products. Loss of catalyst
due to attrition and élutriation are significant in
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fluidised bed as compared to a fixed bed.
2.4.5 Photo-reactors Used in the Cleavage of Water and Ammonia 
Synthesis
Not much has been stated about the photo-reactors used
( 16-45)
for the cleavage of water and amrroiia synthesis
Research on photoreactors used for photochemical process
utilizing solar energy is still in its infancy.
(25 )Schrauzer and Guth used a 38 ml glass flask as 
reactor. The titanium powder was placed in the flask 
in the presence of nitrogen or argon and sealed with 
silicone rubber. The flask was fastened on a specially 
designed rack placed above a 360 W Hanovia mercury arc 
UV lamp at a distance of 200 mm.
(27)Kawai and Sakata used a pyrex cell under vacuum to 
hold the suspension of Ti0 2  and active carbon in water. 
The pyrex cell was illuminated by a 50OW Xe lamp.
Sato and W h i t e s p r e a d  reduced Ti0 2  (0.25 g) on 
the flat bottom of a quartz reaction cell. Illumination 
was done by a 2COW high pressure Hg lamp.
(31 32)Augugliaro et al ' used a continuous flow tubular 
reactor. The lamp and the reactor were vertically 
mounted and exactly positioned at the foci of an 
elliptical photoreflector. The elliptical reflector 
had a height of 350 mm and was covered by a mirror
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finished aluminium sheet (Fig 2.4.4.1). The reactor used 
was a pyrex glass tube of 10 mm internal diameter. A sinter­
ed glass disc served as a distributor. The reactor was 
inside another coaxial pyrex glass tube with an internal 
diameter of 80 mm. Reactor temperature was controlled by 
passing hot air between the tubes.
Kalyanasundaram and G r â t z e l have used stirred suspension 
type of photo-reactor. The scheme of their experimental 
equipment is shown in Fig 2.4.2.2. Oxygen was produced as 
a result of photo-reaction. Nitrogen was bubbled through the 
stirred solution to carry any oxygen produced for analysis. 
Illumination was carried out by a 250 W lamp.
( 43 )None of the workers using zeolites except one has 
discussed the experimental apparatus used for the photolysis 
of water. Leutwyler and Schumacher^^ have used a series 
of glass ampoules with teflon gaskets filled with a water 
suspension of 5 g of silver exchanged zeolite A in 80 ml 
water and some glass balls. The ampoules with the solution 
were evacuated and filled with nitrogen, then sealed under 
vacuum. They were exposed on a rocking table under two 
250 W iodine quartz lamps at a distance of 400 mm from the 
samples.
Intensive research work is required in the design and 
development of photo-chemical reactors to make the photo­







Experimental equipment used by Augugliaro 
et al (31, 32)
1 Catalyst
2 Disc (acting as 
distribution)
3 Aluminium reflecting 
surface






Experimental Equipment used by Kalyansundaram
4• stirrer
5. 3 way stopcock
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3.1 Introduction
This chapter deals with the production of ammonia using
titanium dioxide doped with various metal ions as catalysts.
The catalysts were subjected to near ultraviolet
irradiation in a flat fluidised bed reactor. Photo-catalytic
(25)
processes have been carried out in fixed bed or cylin-
(31 32 )
drical fluidised bed reactors ' . As photo-assisted
reactions depend on the catalyst coming into contact with 
the irradiating photons, maximising this contact would 
increase the extent of reaction. One way of doing this 
is to increase the irradiating area per unit volume of 
catalyst. The reactor can have two vertical flat walls 
that are parallel and separated by a small gap. The 
catalysts are supported in between the flat walls. When 
the catalysts are fluidised they will be frequently 
exposed to light irradiation. The performance of the 
flat fluidised bed was studied.
3.2 Experimental Apparatus
The reactor was made of soda glass. Details of the 
reactor dimensions are given in Fig 3.2.1. The total 
surface area of the reactor wall was 100 x 200 mm. The 
gap between the two reactor walls was 45 mm. A porous 
sintered disc was used as gas distributor. Perspex 
flanges were sealed to the top and bottom of the reactor.




Fig 3.2.1 Flat Fluidised Bed Reactor
11




4 Flat self adhesive thermo-couples
5 Gas inlet section
6 Gas outlet section
7 Gas inlet
8 Gas outlet
9 Stainless steel mesh
10 Rubber gasket
11 Aluminium frame for support
34
perspex flanges. Rubber gaskets were used to stop any 
leakage of gas. A fine stainless steel mesh was placed at 
the top of the reactor to reduce élutriation of the catalyst 
particles. The reactor was mounted on an aluminium frame and 
housed within a wooden enclosure which was held at constant 
temperature. To assist more uniform irradiation, the 
reactor was positioned at one of the foci of an aluminium 
reflector as suggested by Jacob and Dranoff^^^^. The 
reactor enclosure was heated by a 1.7 kw hot air blower 
which was controlled by a temperature controller.
The nitrogen feed was saturated with water by passing the
gas through a saturator. The saturator could be placed
either inside or outside the wooden enclosure. In the 
latter case it was kept in a constant temperature bath.
The inlet tube to the reactor was heated by a heating tape
to prevent water from condensing in it.
A medium pressure mercury vapour lamp was used as the 
ultraviolet irradiation source. The lamp was rated at 
100 watts. Most of the experiments were performed using 
a 300-400 nm filter. In some experiments a 290-600 nm 
filter was used.
The gaseous effluent was first passed through a 500 ml 
dreschel gas absorber which had a sintered glass bulb to 
enhance gas absorption. Unabsorbed gases such as excess 




+J 0) -P P
0) XI Ü <U
B fd X)
TJ Q) P
3 0 (D P 0
o ■p U) to
rH (d •H X)
m P TJ (d
0 *H
Ui -P to
fd (d rH (d












A flow diagram of the ammonia synthesis equipment is given 
in Fig 3.2.2.
3.3 Catalysts
3.3.1 Titanium dioxide powder supplied by BDH was doped with 
the required quantity of a desired metal by impregnation. 
This method has been designated as method 'A'. Freshly 
prepared solutions of ferric chloride, chloroplatinic acid 
and ruthenium trichloride were used to dope the titanium 
dioxide powder with iron, platinum and ruthenium 
respectively. The powder was dried at 120^0 in a well 
circulated oven for three hours. It was then calcined at
( 55 )
the temperature required for calcination . The 
calcined powder was ground and sieved to give different 
size fractions. If a second or third metal was to be added, 
the same doping procedure was repeated. After calcination 
the catalyst was fired at the required temperature for 
a chosen duration. It was then mixed with y-alumina in 
the required quantity. After the components were mixed 
together, the catalyst was fired again at the temperature 
selected for a chosen duration.
3.3.2 y-Alumina was impregnated with titanium trichloride 
solution which had been mixed with the required quantity 
of iron. This method has been designated as method 'B '. 
Impregnation could be done in two ways.
a) The required quantity of y-alumina was added to titanium
W  E-I
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trichloride solution containing ferric chloride. The 
excess water was removed by a rotary evaporator. The 
catalyst was then dried, calcined, ground and fired in 
the same manner as mentioned in section 3.3.1.
b) The Y-alumina was doped with titanium trichloride 
solution containing ferric chloride until all the y-alumina 
was just wet. The catalyst was dried and calcined and 
then re-doped until the required quantity of titanium 
dioxide was introduced.
3.4 Methods of Ammonia Analysis
Ammonia was absorbed in dilute sulphuric acid. Water and 
all other reagents used were rendered free of ammonia by 
double distillation. The quantity of ammonia was analysed 
by either of the following methods.
a) T i t r a t i o n ^ T h e  total amount of absorbing 
solution was titrated against a standard base (O.IN) NaOH 
using methyl orange as an indicator. A blank experiment 
was also performed under identical conditions omitting the 
catalyst in the reactor.
b) C o l o r i m e t r i c ^ ; J. Nessler used an alkaline solution 
of mercuric iodide in potassium iodide (now known as 
Nessler's reagent) as a reagent for the colorimetric
37
determination of ammonia. Nessler's reagent reacts with 
ammonia, producing a colour as a result of formation of 
NH 2 Hg2l3.
2 K 2 [ H9 I 4] + 2 NH 3 — >NH 2 Hg 2 % 3  + 4KI + NH4 I
The Nessler's reagent used was supplied by BDH. 4 ml of 
the reagent were added to 1 0 0  ml of the solution to be 
analysed. A calibration curve was made by using standard 
solutions with known concentration of ammonium chloride 
prepared in an identical way as the sample. The intensity 
of the colour was determined by a Cecil CE 272 visible 
ultraviolet spectrophotometer at 400 nm.
If the absorbing solution was turbid, it was filtered until 
a clear solution was obtained. When dilute sulphuric acid 
was used as absorbing solution it was made neutral with 
sodium hydroxide before treating with Nessler's reagent.
c) Ammonia electrode: The ammonia electrode was fitted
with a thin hydrophobic membrane of micro-porous PTFE. 
Ammonia diffused through the membrane until the partial 
pressures of ammonia on both sides of the membrane were 
equal. The concentration of ammonia was determined 
according to Nernst equation. The electrode is sensitive 
to ammonia concentration as low as 17 ppm.
Turbidity of the sample did not make any significant error.
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The pH of the solution was brought to 12 by adding sodium 
hydroxide. Calibration samples were similarly prepared 
and checked. The sample was stirred by using a magnetic 
stirrer. Stirring should be constant for both the known 
and unknown samples. The ammonia probe (supplied by Phillips) 
was taken out from the storing solution, washed, dried and 
clamped in such a way that the tip of the probe was well inside 
the solution to be analysed. The probe was connected to a 
Phillips ion activity meter and the reading recorded as mV.
3.5 Reactor Variables
The effects of the following variables on the ammonia 
synthesis reaction have been studied.
Photo-assisted ammonia synthesis is a function of the wave­
length of irradiation. Only those wavelengths which 
correspond to the band gap of the semiconductor used can 
bring about the reaction. Two filters, one 300 to 400 nm 
and the other 290 to 600 nm were used to study the effect 
of the wavelength of irradiation on the yield of ammonia.
The distance between the lamp and the reactor can also be 
an important irradiation parameter. This distance was 
varied so as to find the optimum irradiation distance. As 
mentioned in section 2.4.1, it could be reasonably 
assumed that the light intensity was uniform across the 
reactor w a l l (49).
The flow rate was varied from 5.5 ml/sec to 29.0 ml/sec.
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Below Qmff the flow rate at which minimum fluidisation occurs, 
the reactor was acting as a fixed bed. It is therefore 
possible to compare the performance between a fixed bed and 
a fluidised bed reactor and to obtain the optimum flow rate.
The temperature of the reactor enclosure was varied from 50^C 
to 90°C. The water content in the nitrogen feed cannot 
exceed the amount determined by the saturation vapour pressure 
at the temperature of the enclosure.
3 . 6  Results and Discussions
3.6.1 Preliminary Considerations
3.6.1.a Wavelength of Irradiation
Experiments performed in the dark without ultraviolet irrad­
iation produced no ammonia. Similarly, reactions carried out 
under visible irradiation did not produce any significant 
amount of ammonia. Maximum amount of ammonia was produced 
by using a 300-400 nm filter. Relatively low quantity of 
ammonia was produced when the filter 290-600 nm was used.
Table 3.6.1.a shows the effect of irradiation under different 
wavelengths. The band gap of titanium dioxide corresponds to 
390 nm to 410 nm. The present results confirm that the reaction 
is only possible when titanium dioxide is subjected to band 
gap irradiation. Ammonia production has been reported in pmol 
per gram of Ti0 2  per hour. Ti0 2  in the active constituent of 
the catalyst and is responsible for the synthesis reaction.
Many a u t h o r s ^ h a v e  reported NH 3 production based on the 
weight of Ti0 2 , the results in this section have therefore been 
reported similarly. The basis for the comparison of results 
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3.6 .1.b Distance between lamp and reactor
To find the optimum distance between the lamp and the reactor 
their relative position was varied. The yield of ammonia 
was found to be a function of the distance between the lamp 
and the reactor. The effect of this variable can be seen 
from Fig 3.6.1.b. Ammonia production was maximum at a 
reactor to lamp distance of 70 mm and decreased rapidly as 
the distance was reduced. The decrease in yield with 
increasing lamp-reactor distance was gradual.
It can be argued that the total irradiation from the lamp is 
composed of light absorbed di) by the catalyst, light reflec­
ted from the reactor front surface (I2 ), light which passed 
through the reactor (I3 ) and light which by-passed from the 
sides of the reactor to the reflector and reflected back to 
the back of the reactor (I4 ). As the distance between the 
lamp and the reactor decreased (I^), (I2 ) and (I3 ) are increas­
ed. (I4 ) becomes negligible as the reactor to lamp distance 
becomes less than 50 mm. The increase in the loss of energy 
through (I2 ) outweighs any gain as this distance is reduced.
On the other hand as the distance between the lamp and the 
reactor is increased, (I2 ) and (I3 ) decrease and (I4 ) increas­
es. The intensity of irradiation is dependent on the inverse 
square of the distance between lamp and reactor. The optimum 
lamp to reactor distance was found to be 70 mm.
3.6.1.C Reactor Temperature
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characteristics of the bed, thus affecting the production 
of ammonia. The temperature in the wooden enclosure was 
therefore varied from 50°C to 9QOC. Due to the presence 
of the ultraviolet lamp, this variation of temperature 
corresponded to 58°C to 92°c at the reactor surface which 
faced the lamp. Fig 3.6.1.C shows the effect of temperature 
variation on the yield of ammonia. Increasing the 
temperature from 58°c to 92°C doubled the yeild of ammonia.
The nitrogen fed to the reactor was saturated with water 
vapour. When it came into contact with the catalyst at 
relatively low temperature the catalyst was wetted, thus 
making the catalyst not well fluidised. At higher temp­
erature the catalyst became so hot that the absorption of 
water on the catalyst was reduced. The particles fluidised 
better, which might be the cause of higher yield of ammonia.
It is possible that the reaction kinetics are temperature 
dependent giving better production of ammonia at higher 
temperature. Work on this aspect is recommended. Since 
the material of construction cannot withstand high temp­
erature so all the other experiments were carried out at 
reactor surface temperature of 84=*=1.0®C.
These preliminary considerations helped in fixing some of 
the process variables in the experiments described in the 
rest of section 3.6. From here on, the lamp was fitted 
with the filter which allowed only irradiation of 
wavelengths between 300-400 nm. The lamp was fixed at
42
70 mm from the reactor which was kept at 84®C.
3.6.2 TiO  ^ to y-Alumina Ratio
Y-Alumina was used as a diluent as well as a support. It 
was observed that diluting the iron doped titanium dioxide 
increased the amount of ammonia produced per gram of 
titanium dioxide. Results plotted in Fig 3.6.2 show that 
there is an optimum Ti0 2  to Y-alumina ratio which gives the 
highest yield of ammonia. This is true for both 0.2 and 
0.4% (by weight) iron doped titanium dioxide. But this 
optimum ratio varied with the percentage of iron in the 
titanium dioxide. In the case of 0.2% iron doped titanium 
dioxide the optimum ratio titanium dioxide/y-alumina was 1 to 5  
whereas for 0.4% iron doped titanium dioxide the optimum 
ratio 1 to 4. The increase in yield by supporting 
titanium dioxide with Y-alumina was probably due to the 
limiting number of molecules of titanium dioxide receiving 
irradiation. Only those molecules of Ti0 2  which received 
light energy would catalyse the reaction. The other 
molecules could not produce any ammonia until they came 
in contact with the light. At any instant in time, the 
penetrating power of the light source was not capable of 
conveying the energy to molecules deep down in the reactor.
By diluting the Ti0 2  with Y-alumina more chances were 
given to individual titanium dioxide particles to receive 
irradiation. The production of ammonia was calculated 
based on one gram of titanium dioxide per hour of 
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Fig 3.6.2 Variation of ammonia production with the percentage 
of Ti0 2  in Y-alumina
-A- 0.2% Iron doped TiÛ2 (catalyst CIAj - CIA5 ) 
0.4% Iron doped Ti0 2  (catalyst CIB]^  - CIB5 )
43
molecules therefore decreased the yield. Due to the 
difference between the densities of titanium dioxide and 
Y-alumina there was a tendency for the particles to separate 
into two layers. The degree of segregation depended on 
the ratio of the twD types of particles. This study was carried out 
with rutile form of 0.2 and 0.4% iron doped titanium dioxide.
3.6.3 Iron Content
Catalysts containing 0.2%, 0.4% and 0.6% iron doped titanium 
dioxide (catalyst CIA 3 , CIB 3 and CIC]^) have been tested. It 
was found that increasing the iron content in titanium 
dioxide from 0.2% to 0.4% increased the yield of ammonia 
but a further increase in the iron content to 0 .6 % reduced 
the yield.
(25 31 32)The two groups of workers ' ' which have reported ammonia
synthesis using titanium dioxide have discussed the role 
of iron on the yield of ammonia. Schrauzer et a l (25) 
reported a maximum production of ammonia over titanium 
dioxide containing 0.2% iron. The production decreased 
slightly when the iron content reached 0.4%, then followed by a 
rapid decrease as the iron content was increased to 1 .0 %.
Augugliaio et a l (51) reported the production of 50-100 pg
of ammcnia per hour per gram of titanium dioxide ccntaining 0 . 1  
to 2 atoms of iron per 100 titanium atoms. These workers(52) 
later showed a maximum production of ammonia using 0 .5 % 
iron doped titanium dioxide. For 0.2% iron doped titanium 
dioxide they reported no production of ammonia.
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Fig 3.6.3
Percentage of iron in Ti0 2
Variation of ammonia production with the percentage of 
iron in Ti0 2 . (The results obtained from the present 
study are compared with those in catalyst CIA3 CIB3 CICj)
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workers in Fig 3.6.3. This study was carried out with iron 
doped titanium dioxide with Y-alumina in the ratio 1 to 4.
It was observed that as the iron content was increased the 
production of ammonia increased until a maximum iron content 
of 0.4%. Increasing the iron content further decreased the 
production of ammonia.
The effect of increasing iron content from 0.2 to 0.4% was 
studied for various Ti0 2  to Y-alumina ratio. The result is 
reported in Table 3.6.3. Increasing the iron content from 
0.2 to 0.4% increased the production of ammonia for Ti0 2  to 
Y-alumina ratio greater than 1 to 5. The difference in 
production however, decreased as the amount of Ti0 2  was 
increased in the catalyst. It was also found that catalyst 
prepared by method 'b' produced more ammonia when the iron 
content was increased from 0.2 to 0.4%
( 25 )Schrauzer and Guth suggested that the decrease in
ammonia production at higher concentration (>0 .2 %) of iron
in Ti0 2  was partly due to diminished active surface.
Photo-catalytic activity is due to band gap irradiation.
Increasing the iron content in the catalyst decreases the
active Ti0 2  surface and therefore decreases the production
(25)
of ammonia. They also suggested that iron in Ti0 2  
accelerated anatase to rutile conversion as well as crystal 
growth of the catalyst. Schiavello et al^^^^ found 
pseudobrookite Fe2 Ti0 5  in the catalyst when the iron content 
was increased beyond 0.5% and the catalyst was fired at
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temperatures higher than 800°C for 24 hours. They further 
found that Fe 2 TiOs was inactive for ammonia synthesis 
reaction. The loss of catalyst activity observed during 
the present study when the iron content was increased to 
0 .6 % might be due to decrease in active surface as well 
as formation of Fe 2 TiO$. Further discussion about the 
possible role of iron will be explained in section 3.7.
3.6.4 Anatase/Rutile Ratio
Two methods of converting titanium dioxide from anatase
(25 32)
to rutile form have been reported ' . According to
( 25 )
the first method , 0 .2 % iron doped titanium dioxide was
fired at lOOO^C for different time durations. After one
hour of firing about 25% of anatase was converted to rutile.
Conversion to rutile was almost complete after five hours
(32)of firing. The second method kept the firing duration
at 24 hours, but changed the firing temperature. Firing 
the same catalyst at 500°C, about 25% anatase was converted 
to rutile. At 1000°C conversion to rutile was complete.
Both methods have been used in the present study for the 
conversion of anatase titanium dioxide to rutile form.
Within the limits of experimental error, the results 
obtained by using different conversion methods were the 
same. The study was carried o u t  w i t h  02% and 0.4% iron doped 
titanium dioxide with % -alumina in the ratio of 1 : 4.
Present results show that the production of ammonia increased 
as the ratio of rutile to anatase was increased. Maximum 
yield of ammonia was obtained for 1 0 0 % rutile Ti0 2 .
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Fig 3.6.4 Variation of production of ammonia with the percentage 
of rutile in TiÛ2
(The results obtained during the present work are 
compared with those in literature)
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SchrauzerS Guth reported a constant decline in the yield
of ammonia as the percentage of rutile was increased beyond
30%. Augugliaro et al^^^^ reported a yield of 50-100 ugram
of , a m  m.o n.La - - per hour of irradiation over a purely
rutile titanium dioxide doped with 0.2% iron. Fujishima 
(23)
and Honda , obtain a quantum efficiency of 10% using 
rultile titanium dioxide.
(32)In a later publication the results of Augugliaro et al
(25)
seem to agree with those of Schrauzer& Guth . The results 
of the present study are compared with the results of the
(25 31 32)
previous workers ' i n  Fig 3.6.4. The reason for a
better performance by rutile may partly be due to its better 
fluidisation characteristics. Anatase titanium dioxide did 
not fluidise at all. It was a sticky powder and gave rise 
to chanelling of gas through the bed. When the anatase was 
heated it became less sticky. When Ti0 2  had been fired at 
SOO^C for 24 hours it fluidised relatively well. As the 
firing temperature increased the fluidisation characteristics 
improved, which probably explains why rutile gave the best 
results. It is possible that iron content, Ti0 2  to y-alumina 
ratio and anatase to rutile ratio might have interacting effects 
These effects should be investigated further.
3.6.5 Doping with Other Metals
33.6 .5.a Platinum doped Titanium Dioxide
Platinum was added to titanium dioxide which had already 
been doped with 0.4% iron. The percentages of platinum
47
by weight were: 0.016, 0.041 and 0.083. Firing was done
at 7500c for 24 hours. The results plotted in Fig 3.6.5 
indicate that the production of ammonia increased when the 
catalyst was doped with 0.016% of platinum. On further 
increasing the amount of platinum the production of 
ammonia decreased. The effect of increasing the firing 
temperature on ammonia production has been reported in 
Table 3.6.5, which shows that increasing the firing 
temperature to lOOO^C has an adverse effect on ammonia 
production.
3.6.5.b Ruthenium doped Titanium Dioxide
Ruthenium was introduced to Ti0 2  which had already been 
doped with 0.4% iron. The weight percentages of ruthenium 
were 0.016 and 0.125. Firing was done at 750^0 for 24 
hours. Fig 3.6.5 shows that doping the catalyst with 0.016% 
ruthenium the yield of ammonia decreased but on increasing 
the amount of ruthenium higher yield of ammonia was 
obtained. Increasing the firing temperature to lOOO^C 
improved the production as can be seen in Table 3.6.5.
3 . 6 . 5 . C  Ruthenium - Platinum doped Titanium Dioxide
Titanium dioxide containing 0.4% iron was doped with 0.083% 
platinum and 0.125% ruthenium. Platinum and ruthenium 
were present in the form of platinum oxide and ruthenium 
oxide in the catalyst. Firing was done at 750°C for 24 
hours. Table 3.6.5 shows that the production obtained by 
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(29 20)from individually doped titanium dioxide. Some authors ' 
have reported that irradiating titanium dioxide produced very 
little, if any, cleavage of water. But when the titanium 
dioxide was doped with ruthenium or platinum the yield 
increased by many fold. During the present study iron doped 
titanium dioxide was doped again with platinum and/or ruthenium. 
But doping with platinum or ruthenium or a combination of both 
metals failed to increase the yield significantly as can be 
seen in Fig 3.6.5 and Table 3.6.5. It seems from the results 
that different metals have different behaviour. Platinum 
seems to behave like iron. Increasing the platinum content 
beyond 0.016% had adverse effect on the yield of ammonia.
The explanation for this behaviour is probably similar to that 
for iron as discussed in section 3.6.3 and later in 3.7. 
Increasing the firing temperature may cause sintering of plat­
inum which is possible at lOOO^C. Ruthenium behaves in quite a 
different way. RUO 2 is known to be one of the best electrode 
materials for water cleavage with lowest o v e r p o t e n t i a l .
It is therefore possible that the catalyst containing RUO 2  
becomes selective towards cleavage of water at lower ruthenium 
loading on the catalyst. However as the amount of ruthenium 
increased the selective nature of the catalyst reduced. Finally 
at 0.125% RUO 2 in Ti0 2 , ruthenium had no effect at all on the 
production and the catalyst behaved as if there was no 
ruthenium in the catalyst. Its behaviour requires further 
investigation.
Doping with platinum or ruthenium or a combination of both 
metals even in small quantities decreased the segregation
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of doped titanium dioxide and y-alumina remarkably. Because 
of differences in densities of iron doped titanium dioxide 
and y-alumina the catalyst used to separate into two layers. 
Doping with additional metal(s) helped in making a relatively 
more homogeneous catalyst mixture.
3.6.6 Iron-doped Titanium Dioxide prepared by Method 'B '
Ammonia was also obtained using catalysts prepared by method 
'B'. Unlike the catalyst Ti0 2  prepared by method 'A' the 
yield of ammonia decreased with increasing firing temperature 
The yield was almost halved by increasing the firing temp­
erature from 750^C to lOOO^C. The decrease in the yield 
of ammonia may have been due to a change in the density and 
phase structure of y-alumina when it was fired at lOOQOC 
using method 'B'. In method 'A' the catalyst (Ti02 + y A l 2 0 3 ) 
was fired at a temperature of 75QOC which is much below the 
phase change temperature. The phase starts changing from 
y-alumina to 6%-alumina at lOOO^c^^^^. Catalyst prepared by 
method 'B' contains a mixture of a and y-alumina. Catalyst 
prepared by method 'B ' was more packed in the reactor, giving 
a lower bed height, than that for catalyst 'A'. The former 
was found to fluidise to a greater extent compared with the 
latter for the same flow rate. Table 3.6.6 compares the 
ammonia production obtained from catalyst prepared by method 
'A' and 'B'.
3.6.7 Flow Rate
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29.0 ml/sec. Fig 3.6 .7.a indicates that the maximum 
production of ammonia was obtained at a flow rate of
2 0 . 0  ml/sec using a 0.4% iron doped titanium dioxide mixed 
with -alumina in the ratio 1 ; 2 (catalyst CIB^). When 
the flow rate was at 5.5 ml/sec which was below that 
required for minimum fluidisation, 7.7 ml/sec, the production 
of ammonia dropped to 1.4 pmol hr"lg"l. Maximum production 
of ammonia was obtained when the bed was fluidised uniformly 
at 20.0 ml sec"^. Increasing the flow rate further decreased 
the residence time and bubbles started forming in the bed 
resulting in a loss of utilisation of irradiation. The 
minimum fluidisation velocity is dependent on the percentage 
of Ti0 2  to y-alumina. The particle size of both Ti0 2  and 
y-alumina being same, is dependent on the densities.
Ti0 2  has higher density than y-alumina and so requires 
higher flow rate to fluidise. Higher concentration of Ti0 2  
in the catalyst requires higher Q^f as could be seen from 
Fig 3.6.7.b. To achieve optimum production of hydrogen the 
bed was fluidised at three times the minimum flow rate. 
Because of different densities, Ti0 2  Y-alumina tend to' 
segregate during fluidisation.
3.6.8 Particle Size Distribution
The effect of particle size distribution on the yield of 
ammonia was studied by using four ranges of particle size:
0.09-0.15, 0.15-0.18, 0.18-0.25 and 0.09-0.25 mm. The 
production of ammonia using these different particles is 
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the 0.15-0.18 mm particles, which constituted catalyst CII 2 .
The yield decreased as the particle size was reduced further. 
Poor fluidisation was observed for fine particles. The 
highest yield for catalyst CI % 2  is probably because of its 
narrow particle size range, which was only 30 microns. This 
agrees with the observation by R i c h a r d s o n ^ ^  that smaller 
particle size range gives better fluidisation. A bed 
containing particles of different sizes behaves in a manner 
similar to a mixture of liquid of different volatilities.
The finer particles are more readily elutriated. Wider 
particle size distribution gives rise to non-uniform fluid­
isation. Catalyst CII 2 was found to fluidise uniformly. 
Catalyst CIB 4 which had the widest size range gave the poorest 
result but because of excessive loss of catalyst in grinding, 
narrow cuts of particle size were not used in other experiments
3.7 Conclusions and Reaction Mechanism
From the results during the present study the following 
conclusions could be made.
1. Iron-doped titanium dioxide is effective as photo-catalyst 
for the synthesis of ammonia when irradiated by wavelengths 
corresponding to its band gap. The catalyst did not lose
its activity after many hours of irradiation and repeated 
use.
2. The production of ammonia is dependent on reactor temp­
erature. Higher temperature increased ammonia production.
52
(Tests were limited to a maximum reactor temperature of 94°c 
due to its material of construction).
3. Diluting Ti0 2  with y-alumina increases ammonia product­
ion per gram of catalyst. Maximum production was obtained 
for 16.6% and 20% Ti02 in y -alumina for 0.2 and 0.4% iron 
doped Ti0 2  respectively.
4. 0.4% Iron doped Ti0 2  gave better production of ammonia 
than 0.2% iron doped Ti0 2  at 20%, 30% and 100% Ti0 2
Y -alumina.
5. Rutile form of Ti0 2  produces more ammonia than anatase 
form in fluidised bed reactors. The production of ammonia 
increased as the percentage of rutile form of Ti0 2  increased 
in the catalyst.
6 . Catalyst prepared by both methods 'A' and 'B ' produced 
ammonia. Heating Ti0 2  only (without Y -alumina) to lOOO^c 
increased the production whereas heating Ti0 2  supported
on y-alumina to 1000°C decreased the production of ammonia.
7. Maximum ammonia production was obtained at three times 
the minimum fluidisation flow rate.
8 . Decreasing particle size distribution increases the 
yield of ammonia.
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Schrauzer and proposed the following mechanism for
the synthesis of ammonia.
N2 (g) + 3H2 0 (1 ) + mhv 2NH3 (g) + 1.502(g) ( D
AG29 8 = 183 kcal/mole
N2(g) + 2H20(1) + x h v  F^°j ^>N2H4(1) + 02(g) (2)
AG298 _ 149.7 kcal/mole
The above reactions are linked to the ability of TiC>2 to 
chemisorb both H2 O and N 2 . Photolysis of water proceeds 
by the following reaction.
H20(1) +TthO S ) H 2 (g) + %02(g) (3)
A g 298 = 68.35 kcal/mole
Upon illumination with near UV light, electrons which 
corresponds to 70 and 80 kcal are generated which provide 
sufficient energy for reaction No 3 to occur. The 
positive holes generated in the valence band provide the 
sites for oxygen production or other oxidation reactions.
The electrons in the conduction band can be utilised for 
the reduction of N2 .
Van Damme & Hall^26) attempted experiments similar to those 
by Schrauzer & Guth^^^^ but failed to get the same results. 
T h e y (26) therefore doubted the catalytic nature of the 
reaction. It was proposed that the products did not 
result from the cleavage of water but through OH” groups 
which were already present with Ti4+. The low yield of 
ammonia obtained in their work was because the OH” groups 
were gradually used up and not replenished.
The following mechanism was proposed for the r e a c t i o n s (26),
54
/  + OH" > OH® ,
(sur) (sur)
e"+ T i 4 +  >Tl3+ (5)
T±4+ - OH" —  )T12-«- - OH® (6 )
2Ti3+ - OH® >2Ti2+a+ H 2 O + ^02 (7)
2Tl3o + H 2 O -->T±4+ - O - T±4+ + H 2 (8)
Overall Reaction
2 Ti — OH ----> H 2 t %02 + Ti “ 0 “ Ti (9)
No photo-catalytic cleavage of water was believed to have 
occurred.
(31 32)Augugliaro et al 's ' proposal was based on the widely 
accepted fact that under band gap irradiation TiOg generated 
electrons and positive holes
TiOg e + p (1 0 )
The electrons reduce the available substrates on the surface
and positive holes may react according to either of the equations
o h ” (ads) + p --- > 0H° (ads) (11)
OH (ads) + p ---- > 0° (ads) + H (ads) (12)
(31 32)Based on the above considerations they ' proposed
6Tl4+ - OH- 6Ti3+ - OH® (13)
6Ti3+ _ OH® >6Ti2i + 3H2Û(ads) + 1.502 (14)
6Ti3+o + N 2 (ads) + 6 H 2 0 (ads)-- >6Ti4+ - OH" + 2 NH 3 (15)
Overall Reaction
N 2 (ads) + 3H20(ads)--- » 2 NH 3 + 1.502 (16)
T h e y (31' 32) suggested that the Ti 0 2  surface could be 
considered to be completely hydroxylated. A total number 
of 6.5 X  l o l ® O H “ groups can therefore be calculated as 
present on the surface of 0.75 gram of active titanium 
dioxide. On this basis both their results and those in reference 
(52) could be accounted for by monolayer coverage of 0H“
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groups.
Sato and White(29) proposed the following mechanism for
the photo-catalyst cleavage of water over platinised
titanium dioxide.
20H“ + 2H+ --— 92  ^20H* (17)
20H® ..?^°2  ^H 2 O + O(ads) (18)
O(ads) (19)
2 H 2 O + 2e — ^ — »2H(ads) + 20H“ (20)
2 H ( a d s ) f = & ± H 2 (2 1 )
Overall Reaction
H 2 O  ^H2 + % 0 2  (2 2 )
In order to assess the applicability of these proposed 
mechanisms to the present study, the following experimental 
observations should be taken into consideration.
a) The titanium dioxide catalyst was fired at lOOO^C for 
24 hours. Under such high temperature for such a long 
period the existence of OH" on the surface of titanium 
dioxide is highly unlikely. Munuera et a l (52) have 
reported surface activity on Ti0 2 . Evaluation of the 
number of hydroxyl groups when they were alone on a sample 
outgassed at 300^0 gave a value of 4.2 OH m m ” 2 which 
represented about 25% of the calculated monolayer capacity. 
Rehydration of a sample outgassed at 400°C for several 
hours according to their IR and TPD results did not restore 
the original hydroxylation state.
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b) If the proposal by Van Damme et a l (26) ig valid, very little 
ammonia should form after the monolayer OH" have been used
up. But it was found in the present work that the activity 
of the catalyst did not decrease even after many hours of 
irradiation and repeated use. The production of ammonia 
was continuous and could hardly be due to existing OH" 
groups only. In some cases the amount of ammonia obtained 
during the present study was about 1 0  times the estimated 
number of monolayer OH" groups.
c) Finally it should be noted that the activity of the 
catalyst did not increase significantly after it was doped 
with platinum. It is therefore suggested that iron doped 
titanium dioxide behaves in a way similar to the platinised 
titania used by Sato et a l (29).
Based on these considerations the following primary process was 
hypothesised for the synthesis of ammonia.
Under band gap irradiation, the following primary process 
takes place.
Ti0 2  — >12e + 12p (23)
6 H 2 O + 6 e _-&92.  ^ 6 H(ads) + 60H" (24)
F02O3
6Ti4+ + 60H” --->6Ti4+ - OH" (25)
6Ti4+ - OH" + 6 p ------>6Ti4+ - OH® (26)
6Ti4t - OH® + 6 e ---- OH® (27)
6Ti3+ - OH"----- ^6Ti3+ + 3 H 2 O + 1.502 (28)
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6Ti3+Q + N 2 (ads) + 6 H(ads) + 6 p ^ 6Ti4+ + 2 NH 3 (29)
Overall Reaction
3 H 2 O + N 2 — ^ ^ 9 2  > 2 NH 3 + 1.502 (30)
The question of what role iron plays in the photo-assisted 
ammonia synthesis reaction is difficult to answer. In 
conventional synthesis of ammonia using iron catalysts, 
nitrogen is chemisorbed as atoms on the surface of iron 
crystallites( ^. In this chemisorbed state it combines 
with hydrogen according to the following steps.
N2 --- — --- >2N-i
 >NH —  »NH2 — - 9IC--- )NH3
Ho ----— --- >2H-I
Under the conditions of industrial ammonia synthesis the
main species on the active iron surface appear to be atomic
nitrogen. However Ozaki^^^^ on the basis of experiments
carried out at lower temperatures 218°C to 303°C concluded
that nitrogen could be chemisorbed in a molecular form. The
chemisorbed molecular nitrogen reacts with hydrogen atoms
(25)
to form NH radicals. Schrauzer and Guth believed that
addition of iron in Ti0 2  accelerated anatase to rutile 
conversion as well as crystal growth of the catalyst. 
Fujishima and Honda^^^^ observed that adding Fe3+ to their 
cell had a favourable effect on water cleavage. With the 
addition of Fe3+ to the cell, the amount of reducible 
species increased which could be the reason for higher yield.
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( 32 )Augugliaro et al suggested that iron remains in ionic
form during photo-chemical synthesis of ammonia. It is 
possible that iron ions may play a role in the process of 
electron transport in a cooperative manner with Ti4+/Ti3+ 
such as :
Ti3+ + Pe3+ »Ti4+ + Fe2+ (31)
Pe2+--- ^ F e ^ +  * (32)
Ox + Fe2+ * ----->Fe3+ + R (33)
Overall Reaction
Ti3+ + Ox  »Ti4+ + R (34)
It has also been suggested that iron might shift the band 
gap of the catalyst from near ultra-violet range towards 
the visible, thereby making use of a wider spectrum of 
irradiation.
The present work does not enable definite conclusions to be
drawn concerning the role of iron. It may be that iron
plays the same role as platinum and ruthenium in the 
catalysts used by Sato et al^^^^ and Sakata et al^^^^.
Gaseous nitrogen, being inert, is not likely to react with 
adsorbed hydrogen. It is possible that at such low 
temperatures used in this work nitrogen is chemisrobed on 
iron and the chemisorbed nitrogen reacts with adsorbed 
hydrogen. It is recommended that adsorption studies be 
carried out to probe the solution to this problem.
C H A P T E R  4
P H O T O - A S S I S T E D  P R O D U C T I O N
O F  H Y D R O G E N  U S I N G
T I T A N I U M  E X C H A N G E D  Z E O L I T E
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4.1 Introduction
This chapter deals with the production of hydrogen from the 
cleavage of water using different types of titanium 
exchanged zeolites under visible light irradiation. A 
systematic approach was undertaken to study the effects 
of selected variables and to find the optimum conditions 
for the production of hydrogen. A mechanism is proposed 
for the water cleavage reaction.
4.2 Catalyst Preparation
The catalysts used were exchanged zeolites of Laporte 
type 3A, 4A and 5A. The zeolites were in the shape of 
spherical beads of diameter varying from 1  to 2 mm.
Zeolites of smaller particle size have also been used.
These were obtained by crushing and seiving the 1 to 2mm 
beads. The cations in the zeolites were exchanged with 
titanium ions by using different concentrations of 
titanium trichloride solutions in HCl. For every gram 
of zeolite treated two millilitres of solution were used. 
The zeolite was soaked in the solution unstirred for 
one to three hours at room temperature. For most of the 
reactions one gram of catalyst was used. After the 
exchange process the zeolite particles turned purple 
which is the characteristic colour of hexa-aquotitanium 
(III) ions. To confirm the oxidation state of titanium 
the zeolites were analysed by ESR spectroscopy before 
and after the ion-exchange process.
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To eliminate the effects of adsorbed water vapour and 
gases, zeolites were subjected to various treatments prior 
to exchange with titanium trichloride solution.
After the completion of the ion exchanging period the 
zeolite was washed with distilled water until no trace 
of titanium trichloride was detected in the wash water. 
This was done by adding a drop of 6 % H 2 O 2 solution to 
the wash water. A yellow colour would indicate the 
presence of titanium trichloride.
Zeolite exchanged for the first time is referred to as 
'new catalyst' and those which had been exchanged more
i i
than once are referred to as re-exchanged catalyst.
The spent catalyst was re-exchanged by the same method
, *
used for the preparation of the new catalyst.
4.3 Experimental Equipment
The reactor was made of pyrex B-29 tube with an internal
diameter and height of 31.75 mm and 250 mm respectively.
It was equipped with a specially made quickfit dreschel 
bottle head (MF 28/3/500) having stopcocks at both ends.
A 150 watt photo-flood lamp bulb of 120 mm diameter was 
used as the light source. The light bulb was housed 
inside an aluminium reflector, thus producing fairly 
uniform illumination.
The reactor was positioned within the cavity of an 
elliptical photo-reflector, which was made of a 1/16"
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aluminium sheet having a mirror finish quality. The 
reactor was placed in a direction normal to the light 
beam.
After the exchanged zeolite particles were washed, they 
were added to the reactor. The reactor could be set 
up in two ways :
(a) The reactor containing the zeolites was completely 
filled with de-gassed water, the dreschel head was 
fixed and a slight vacuum was maintained to help the 
collection of the gaseous effluents.
(b) The catalyst was immersed in 15 to 20 ml of water.
A slight vacuum was applied to assist the collection of 
gases. The amount of hydrogen obtained from both methods 
was identical. The oxygen and nitrogen obtained were 
in the ratio of air. The quantity of air obtained in 
the former case was less than in the latter.
For the collection of desorbed hydrogen the exhausted 
catalyst was soaked in 15 to 2 0 ml IN potassium hydroxide, 
The same experimental equipment, as described
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for the cleavage of water, was used. A slight vacuum 
was applied for the collection of gas. No irradiation 
was required for the collection of desorbed hydrogen.
4.4 Methods of Analysis
4.4.1 Titanium exchanged on Zeolite
Hydrogen peroxide gives a yellow colour in an acidic 
titanium (IV) solution(70, 72)^ The intensity of the 
colour is proportional to the amount of the element 
present. This method could be applied to analyse 2 to 25 
parts per million of titanium. The sample after weighing 
accurately was ground with 2 to 4 gram of ammonium sulphate 
and digested in concentrated sulphuric acid for 15 
minutes. The solution was cooled, filtered and diluted 
to 100 ml in a volumetric flask. 10 ml of 3% hydrogen 
peroxide solution was taken together with a known portion 
of the titanium solution, and diluted with 0.4% sulphuric 
acid to 100 ml in a volumetric flask. The intensity of 
the colour was determined by a Cecil CE 272 visible- 
ultraviolet spectrophotometer at 40Onm. A calibration 
curve was made by using standard solutions; with known 
concentrations of titanium.
To determine the amount of titanium exchanged on zeolite 
two sets of runs under identical conditions of exchanging 
and irradiation were carried out.
The first set of experiments was solely for the determination 
of the amount of hydrogen and the second set was
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performed to find the weight of the catalyst left after 
each exchange and the amount of titanium oxides left in 
the catalyst. The amount of titanium intake was investigated 
by either of the two methods.
(i) By analysing the exchange solution for its titanium 
content before and after the exchange process. The difference 
gave the amount of titanium taken in by the zeolite. This 
method was applied to find the titanium intake by those 
catalysts which were exchanged several times. This method 
could not be used for fresh catalyst, as the fresh catalyst 
adsorbs water which changes the concentration of the exchange 
solution. Since the used catalysts were already saturated 
with water there was no change in the concentration of the 
solution.
(ii) A set of two experiments were performed. Immediately 
after the exchange and complete washing of the catalyst, the 
catalyst was dried and analysed for its titanium content
by digesting in concentrated sulphuric acid. The second 
experiment for the water cleavage reaction was allowed to 
proceed. After the completion of the reaction the catalyst 
was dried and digested in concentrated sulphuric acid to find 
its titanium content. A measurement of the amount of 
titanium which left the zeolite surface as a result of the 
cleavage reaction was made by analysing the milky precipitate 
for its titanium content. For the second experiment five 
to ten grams of catalyst were used to reduce the experimental 
error. Except for the above experiment, all other experiments 
were started with one gram of zeolite only. Titanium as Ti^*
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was analysed by ESR spectroscopy. The method will be 
discussed in the appendix.
4.4.2 Hydrogen
Hydrogen was analysed by a Pye Unicam gas chromatograph 
using a katharometer detector. The temperature of the 
katharometer was maintained at 150^C and that of the 
oven at 55°C. The gases were separated by a 4.6 metres 
column packed with 45 to 60 mesh 5A molecular sieves.
Argon was used as the carrier gas and the gas flow rate 
was 0.75 ml sec“ .^ The amplified signals from the gas 
chromatograph were recorded and integrated by a Hewlett 
Packard 3390A integrator. Calibration was done by 
'standard calibration gas mixtures' supplied by EDT 
research.
4.5 Experimental Method, Results and Discussion
4.5.1 Blank Experiments
Experiments performed with un-exchanged type A zeolites 
produced no hydrogen. The reactors containing 3A, 4A 
and 5A zeolites were irradiated for 24 hours under visible 
light irradiation but no trace of hydrogen was detected. 
Similarly, experiments performed with titanium exchanged 
zeolites in the dark failed to produce any detectable 
hydrogen.
4.5.2 Rate of Hydrogen Formation
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simulataneous experiments was performed. 1 ,to2 mm beads of 
5A zeolite were exchanged with unstirred 30% TiCl^ solution 
at room temperature for one hour. The first experiment 
was stopped after one hour of irradiation and the product 
gases analysed. Other experiments were stopped after 
two, three, five, seven and nine hours.
Fig 4.5.2 shows that during the first hour only 0.08 ml 
of hydrogen was produced. The rate of hydrogen 
formation was almost constant during the second and the 
third hour. After the third hour the rate of formation 
started decreasing and after about seven hours the 
formation of hydrogen almost stopped completely. Hence 
all the experiments were carried out for a period of seven 
hours. The production of hydrogen has therefore been 
reported after the completion of a seven-hour run. The 
production figures are in millilitres of hydrogen produced 
at STP per gram of zeolite.
The reaction took a considerable time, usually about 
seven hours, to complete. This slow rate was because 
the zeolite was static and was not uniformly irradiated.
The rate of hydrogen production could have been 
accelerated by bubbling an inert gas into the reactor 
to fluidise the particles. But, at the same time, it 
would have reduced the concentration of hydrogen to 
levels which were beyond the capability of the gas 
chromotograph.
Zeolites are very good absorbers of gases. When it is
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soaked in exchanging solution the adsorbed gases are 
displaced by water. It is possible that after washing 
and exchanging the zeolites, they might still contain 
a large amount of adsorbed air. The adsorbed air is 
slowly desorbed. As the air leaves, water comes in 
contact with active molecules in the catalyst and the 
cleavage reaction intensified. Maximum hydrogen 
production was therefore observed up to the third hour.
A milky precipitate was formed as the reaction proceeded. 
The precipitate on analysis was shown to be titanium 
dioxide. The rate of hydrogen production decreased 
after the third hour due to the loss of titanium from 
the zeolite lattice. Hydrogen production finally stopped 
after seven hours when Ti^* ions were depleted.
4.5.3 Types of Zeolite
The zeolites chosen for the present study were all of type 
'A', the difference being in pore size and the cations 
present. 4A zeolite is in the basic sodium form and is 
the base material from which the cation exchanged types 
are derived. 3A zeolite is the potassium exchanged form 
and 5A zeolite is the calcium exchanged form of type A 
zeolites. The free diameters of 3A, 4A and 5A are 3.2A,
o O
4.2A and 5.2A respectively. The role of different 
cations present has been studied. The zeolites were 
exchanged with 30% titanium trichloride solution for one 
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Fig 4.5.3 Production of hydrogen from 3A, 4A and 5A zeolite 
(1 to 2 mm zeolite exchanged with 30% TiCl^ solution for one hour)
3A zeolite   4A zeolite —  • 5A zeolite
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for hydrogen production. The results show that 4A zeolite 
has the poorest performance. On repeated exchanging,the 
amount of hydrogen produced went on decreasing. After 
four exchanges with titanium, no significant amount of 
hydrogen was detected. 0.32 ml of hydrogen evolved from 
exchanged 3A zeolite after the first exchange. But this 
figure was raised by nearly five-fold after exchanging 
with titanium for the third time. After five exchanges 
the catalyst's performance returned to its original level 
when it was 'new'. 5A zeolite yielded 0.40 ml of hydrogen 
after the first exchange. In this case too, an increase 
in the production of hydrogen was obtained after the 
zeolite had been exchanged with Ti3+ for more than once. 
But this increase in hydrogen was not so sharp as in the 
case of 3A zeolite. After four exchanges hydrogen 
production remained at the level of approximately 1 . 1  to
1.2 ml. Average production of hydrogen which was the 
total amount of hydrogen produced divided by the number 
of experiments was 0.73 ml for 3A zeolite and 0.82 ml for 
5A zeolite. The average amount of hydrogen produced was 
reproducible to within ± 1 0 % which was within the range 
of experimental errors.
4A zeolite,being the basic form of silica alumina zeolite, 
is difficult to exchange with Ti^^ using short exchange 
duration. However, it could be exchanged by prolonged 
contact with titanium trichloride solution but would 
result in an amorphous gel. The present study requires 
a quick exchange with minimum loss of catalyst. Since
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zeolite 4A could not be effectively exchanged quickly, its 
use was therefore discarded.
4.5.4 Duration of Exchange and the Concentration of the Ion- 
Exchange Solution
In conventional ion exchange procedure zeolite is soaked 
in stirring exchanging solutions for several days.
Zeolite A is unstable in acidic media whereas ion-exchange 
solution used in the present study is unstable in non- 
acidic media. The titanium trichloride solution used 
as ion-exchange solution contains 24% hydrochloric acid. 
Relatively short soaking durations of one hour, two hours 
and three hours were therefore used. Even so, the 
zeolite lost weight during the exchanging process. The 
concentrations of TiClg solutions used were as follows:
30, 20, 7.5 and 5%.
From Fig 4.5.4.a it can be observed that the weight of 
catalyst left, when 5A zeolite was exchanged in 30% 
TiClg, after each exchange decreased as the exchange 
duration was increased from one hour to three hours.
The amount of catalyst left after five exchanges decreased 
from 0 . 3  to 0 . 2 2  gram when the soaking duration was 
increased from one to three hours. The amount of 
hydrogen produced also decreased slightly as the soaking 
duration increased. The effect of varying the 
concentration of exchanging solution on the production 
of hydrogen is plotted in Figure 4.5.4b.
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Fig 4.5.4.a Variation of hydrogen production and weight of catalyst with 
number of exchanges at different exchange durations.
(1-2mm zeolite 5A exchanged with 30% TiCl^ solution)
1 hour —  Hi 2 hours  ^------3 hours
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Fig 4.5.4.b Production of hydrogen as a function of the number of 
exchanges at different concentration of exchange 
solutions (l-2mm 5A zeolite exchanged for 1 hour)
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Fig 4 .5.4.C Variation in the average production of hydrogen
and weight of catalyst as a function of concentration 
of exchanging solution
-A--
Average production of hydrogen per g of catalyst (A1
Average production of hydrogen from one g of zeolite 
initially exchanged (A2)
 • - - W e i g h t  of catalyst after the fifth exchange
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In Fig. 4.5.4c the average production of hydrogen per gram
of catalyst (A1 ), the average production of hydrogen from
one gram of zeolite initially exchanged (A2) and the weight
of catalyst left after the fifth exchange have been plotted
as a function of concentrations of TiCl^ solutions,
(4 4 45 )Results in literature ' have been reported as ml of
hydrogen produced per gram of zeolite. Therefore for 
comparison the present results have been reported as ml/gram 
of zeolite or average production of hydrogen in ml/gram of 
zeolite. However, to obtain a measure of the actual amount of 
hydrogen produced over a number of exchanges, the production 
figures should be based on one gram of zeolite exchanged 
initially and not normalised with respect to the weight of 
zeolite present after each exchange. The average production 
of hydrogen from one gram of zeolite initially present is 
given as A^ in Fig. 4.5.4c. It was found that lowering the 
concentration of the exchanging solution from 30% to 7.5% 
increased the production of hydrogen as well as reduced the 
loss of catalyst. Further dilution of TiCl^ solution to 5% 
resulted in a drop of hydrogen production even though the loss 
of zeolite was reduced further. Only about half the weight 
of catalyst was lost using 5% TiCl^ solution as compared to 
30% TiCl^ solution keeping the soaking duration as one hour. 
The same figure also shows the average quantity of hydrogen 
which was the total amount of hydrogen produced divided by the 
number of experiments. On the average, exchanging with 7.5% 
TiCl^ solution produced about twice the quantity of hydrogen 
produced using 30% TiCl^ solution. However, diluting the 
exchanging solution from 7.5% to 5% decreased the average 
production of hydrogen from 0.77 ml to 0.71 ml.
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4.5.5 Particle Size
The effect of particle size on the production of hydrogen 
was studied using 1 to 2, 0.50 to 0.71 and 0.25 to 0.50 mm 
5A zeolite. The zeolites were exchanged with 20% titanium 
trichloride solution for one hour. The production of 
hydrogen using different particle size is shown in Fig 
4.5.5. The smaller zeolites produced more than double 
the amount of hydrogen produced by 1 to 2 mm beads after 
the first exchange. Further exchanges showed that the 
larger particles performed better. The loss of catalyst 
was greater for smaller particles. After five exchanges 
only 0.3 grams of 0.25 to 0.50 mm zeolite was left compared 
to 0.35 grams of 0.50 to 0.71 mm and 0.48 grams of 1 to 2 mm 
beads. The higher production initially obtained for the 
smaller particles was due to increase in the surface area, 
resulting from size reduction. However, after two exchanges 
the amount of hydrogen produced over the smaller zeolites 
dropped because of excessive loss of catalyst.
4.5.6 pH of Water Inside the Reactor
The pH of the water used for the cleavage reaction was 
varied so as to find the optimum pH for hydrogen production. 
Since the pH might change during the course of reaction 
the pH values reported below were the initial ones. Ammonia 
free H Cl or NaOH was added to the water to give a 
variation of pH from 2 to 9.2. No buffer was used, since
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Fig 4.5.5 Variation of production of hydrogen and weight of 
catalyst as a function of the number of exchanges 
for different sizes 5A zeolites.
(5A zeolite exchanged with 20% TiCl^ solutions for 1
0.25-0.50 mm -0-  - 0.5 -0.71 mm
hour )
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Fig 4.5.6 .a Production of hydrogen as a function of number 
of exchanges at different pH 
(1-2 mm 5A zeolite exchanged with 30% TiCl] 
solution. Exchange duration 1 hour)
__ 0 _ _  pH 9.2 Neutral








Fig 4.5.6.b Average production of hydrogen/gram of catalyst (Al ) 
as a function of pH inside the reactor 
(1-2 mm 5A zeolite exchanged with 30% TiCl^ for 
1 hour)
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buffers contain considerable amounts of metallic ions 
which might tend to exchange with the titanium ions in the 
zeolite lattice. Although the addition of acid or base 
invariably meant the introduction of cations or anions, 
the quantity of acid or base used was kept to the minimum, 
so as to have the least effect on the exchanged titanium 
ions .
It can be seen from Fig 4.5.6 .a that when acid was added to 
the contents of the reactor to lower the pH to 2, the 
production of hydrogen decreased and remained almost 
constant at 0.2 ml/gram of catalyst. As the pH was 
increased to 4.5 the yield increased. A sharp increase in 
the yield of hydrogen was observed after the fourth 
exchange but it dropped after the next exchange. At pH 9, 
the production of hydrogen during the first two exchanges 
was higher than the neutral pH but dropped during successive 
exchanges. Average yield of hydrogen is plotted in 
Fig 4.5.6 .b as a function of pH inside the reactor.
Neutral pH gave the highest production of hydrogen. Acidic 
pH inside the reactor had an adverse effect on the weight 
of catalyst. It continuously attacked the zeolite.
Because of excessive loss of catalyst the yield of 
hydrogen decreased. When base was added the metal content 
in the liquid inside the reactor increased. There was 
always a possibility that the metals during its long 
contact with the zeolite might have exchanged with zeolite. 
As the metal accumulated on zeolite surface the amount 
of titanium exchangeable on zeolite decreased. The result
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was the continuous decrease of hydrogen production after 
a few initial runs.
4.5.7 Pre-treatments
5A zeolite was subjected to various treatments prior to 
exchanging with titanium to determine whether they have 
any effect on the production of hydrogen. The pre- 
treatments applied were drying, de-gassing and drying 
under vacuum.
4.5.7.a Drying
Since zeolite absorbs water vapour easily, it is possible 
that the extent of titanium exchange could be improved 
by drying the zeolite. Drying was carried put in an oven at 200°C 
for five hours. The zeolite was cooled in a desiccator 
before adding it to the exchanging solution.
4.5.7.b De-gassing
Apart from water vapour, zeolite is a good absorbent for 
many gases. The process of de-gassing was carried out 
by placing the catalyst under high vacuum for three hours.
The exchanging solution was introduced to the zeolite 
under vacuum. The vacuum was released after all the 
exchanging solution was added.
De-gassing was carried out in the experimental equipment
in
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Fiq. 4.5.7 Variation of production of hydrogen as a function of number 
of exchanges with different treatment before exchanging with TiCl^ 
solution (1 to 2mm 5A zeolite exchanged with 30%)
-A Heatina under "O Heating at atmospheric pressureg
vacuum
 -Q Vacuum —  • “O ------- Normal condition (No heating,
no vacuum)
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similar to that used for hyd roc; en production.
4.5.7.c Drying under vacuum
By using a combination of both drying and de-gassing 
processes, much of the water vapour and gases in the 
zeolite could be driven out, thereby improving the degree 
of exchange with titanium. The process was carried out 
in a vacuum oven containing silica gel as desiccant.
The results of the pre-treated catalysts are compared with 
the non-treated catalysts in Fig 4.5.7. De-gassing prior 
to exchanging gave a higher yield during the initial 
exchanges. Drying under vacuum gave the. highest yield 
during the first three exchanges. After the first exchange 
vacuum dried zeolite yielded almost four times the amount 
of hydrogen produced from non-treated zeolite. After a 
few exchanges the pre-treated catalyst had similar 
quantities of hydrogen as the non-treated catalyst.
Zeolites which were dried under atmospheric pressure 
followed the same pattern as those of zeolite dried under 
vacuum. During the first three exchanges the yield was 
lower as compared to that from zeolite dried under 
vacuum but higher than that from non-treated zeolite.
The pre-treatment processes were applied to the fresh 
catalysts only. Once the zeolite was soaked in 
exchanging solution it was kept under liquid, hence the 
possibility of gases being absorbed was eliminated.
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Drying the catalyst after each reaction run was not 
feasible as any titanium left on the zeolite in +3 
state would .Ve oxidized to +4 state when heated 
without water. Ti^t is incapable of producing any 
hydrogen, details of which will be given in section 4.6.
By the second or third exchange the pores of the 
zeolite were completely free from gases even if the 
zeolite had not undergone a pre-treatment step.
Therefore, the production during the latter runs for 
the initially treated and non-treated zeolite were 
similar.
4.5.8 Oxygen Formation During Cleavage of Water
Cleavage of water should produce oxygen together with 
hydrogen. Because of its abundance in air it was very 
difficult to confirm the source of formation of oxygen. 
Oxygen detected by the gas chromatograph might be from 
absorbed air in the zeolite or the dissolved air in the 
water inside the reactor. Therefore the cleavage reaction 
was performed under nitrogen atmosphere. 5A zeolite 
prior to exchanging was soaked in de-oxygenated water 
for five hours so that all the absorbed oxygen could be 
desorbed. De-oxygenated water was used inside the reactor 
and for the washing processes. The reactor was 
effectively purged with high purity nitrogen before 
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exchanged with 15% TiCl^ solution for one hour.
Table 4.5.8 shows the formation of hydrogen only. No oxygen 
was detected from the catalyst. The result suggests that the 
oxygen was used up in the formation of titanium oxide. A 
milky precipitate was obtained after the reaction in the 
reactor which on analysis has proved to be titanium dioxide.
4.5.9 Base Addition between Two Consecutive Exchanges
The formation of milky precipitate suggests that titanium 
leaves the surface of the zeolite. It is likely that vacant 
sites left behind after the titanium ions have left the 
zeolite might be occupied by some molecule. The hydrogen 
produced from water cleavage being available might be 
adsorbed on the vacant sites.
IN Potassium hydroxide was added to the zeolite after the 
completion of cleavage raction. Potassium hydroxide de­
sorbed adsorbed hydrogen and occupied the vacant sites 
itself. The study was made both for 3A and 5A zeolites.
The concentration of the exchanging solution was also varied. 
30% and 7.5% TiCl^ solution were used as exchanging solutions.
Fig 4.5. 9.a to d shows that hydrogen was collected both for 
3A and 5A zeolites at all concentrations of exchanging 
solution. The desorption of hydrogen was observed even when 
KOH was added to the exhausted catalyst in the dark. At 
higher concentration of the exchanging solution, adding base 
between consecutive exchanges had a very adverse effect on
oWeight of Catalyst (g 
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Fig 4.5.9.a Variation of production of hydrogen and weight of 
catalyst as a function of number of exchanges with and without 
base additions between consecutive exchanges.
(1-2 mm 3A zeolite exchanged with 30% TiClg solution)
 ■_ ----  without KOH addition --- #---  with KOH addition
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Variation of hydrogen production and weight of 
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zeolite exchanged with 7.5% TiCl^ solution)
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Fig 4.5.9.d Variation of hydrogen production and weight of catalyst 
with number of exchanges (l-2mm 5A zeolite exchanged with 7.5% TiClg





the amount of catalyst left after each complete cycle. The 
weight of 1 to 2 mm 5A zeolite dropped from 0.35 gram to 
0.038 gram when exchanged with 30% TiClg solution and from 
0.48 to 0.17 when exchanged with 15% TiCl^ solution.
Similarly, the weight of 1 to 2 mm beads of 3A zeolite dropped 
from 0.40 gram to 0.08 gram when exchanged with 30% TiClg 
solution. The above drop in yield reported were after the 
fifth complete cycle. At lower concentration of the exchange 
solution ie 7.5% and 5%, there was no change in the amount of 
zeolite left after the fifth complete cycle. The increased 
losses in the weight of catalyst left after exchanging with 
higher concentration of TiClg seems to be the extreme cond­
itions to which the catalyst was subjected. Higher concent­
ration of TiCl] solution contains 24% HCl. Soaking in IN 
KOH then exchanging with TiCl] and repeating this cycle 
several times was the cause of heavy losses of zeolite.
Fig 4.5.9.e shows that 3A zeolite, when base addition step 
was included, gave a far better performance than 5A zeolite 
when the catalysts were exchanged with 30% TiCl^. The 
average production of E2, (A2 ) from 3A zeolite was 0.47 ml 
whereas 5A zeolite produced only 0.166 ml. Similarly when 
the zeolites were exchanged with 7.5% TiClg solution 3A 
zeolite produced 1.17 ml whereas 5A produced 0.97 ml.
Relative performance of 3A and 5A zeolite will be discussed 
in Chapter 6. Loss of catalyst due to acid attack was more 
prominent in case of 5A zeolite than 3A zeolite especially 
at higher concentration of TiClg solution, when base addition 
step was included between consecutive exchanges.
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Fig 4.5.9.f Variation of average production of hydrogen and
weight of catalyst as a function of concentration 
of TiClg solution over 5A zeolite
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Average production of -O-
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Fig 4.5.9.f compares the average yield of hydrogen per 
gram of catalyst, the actual average yield of hydrogen 
from 5A zeolite and the amount of catalyst left after the 
fifth exchange of processes with and without addition of 
base between consecutive exchanges as a function of 
concentration of exchanging solution.
It is evident from the Fig 4.5.9.f that the production 
of hydrogen becomes increasingly dependent on the concen­
tration of the exchanging solution when a base addition 
step was included between consecutive exchanges with 
titanium trichloride solution. If the average production 
of hydrogen is calculated on the basis of ml of gas 
produced per gram of catalyst (A^) then the concentration 
of exchanging solution should not be increased beyond 
23%. Increasing the concentration of TiClg solution 
beyond 23% decreased the production of hydrogen when the 
base addition step was included compared to the average 
production of hydrogen without base addition step (A^).
If the average production of hydrogen, starting from 
one gram of catalyst is considered, (A^) , then by 
including base addition step between consecutive exchanges 
higher production of hydrogen could be obtained until a 
maximum concentration of 9.5% TiCl^ solution. Increasing 
the concentration of TiClg solution beyond 9.5% higher 
average production of hydrogen (A2 ) was obtained without 
adding base between exchanges. The amount of catalyst 
left with and without base addition step remained almost
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equal until the concentration of exchanging solution 
reached 8%. Increasing the concentration of TiCl^ 
beyond 8% excessive loss of catalyst was observed. It 
could therefore be concluded that the base addition is 
beneficial up to a concentration of 8% TiClg solution.
It could be concluded that desorbed hydrogen could be 
recovered by the addition of base between two consecutive 
exchanges. Potassium ion because of its charge seems to 
be preferred over adsorbed hydrogen molecules. When KOH 
was added to catalyst containing adsorbed hydrogen, it 
replaced the hydrogen which was collected. It can also 
be seen from Figs 4.5.11.a-f that the total yield of 
hydrogen increased steadily as the number of exchanges 
with titanium increased. There was no sharp rise and fall 
in the production curves such as that observed when no 
base was added in between exchanges.
4.6 Reaction Mechanism
The ESR signal of the new catalyst (exchanged for the first 
time) showed a prominent peak at a g value of 1.945 (see 
appendix) which is in agreement with the report of Ono et 
al^^^^ and Kuznicki^^^^ for Ti^^. The deactivated catalyst 
showed no such peak. The peak reappeared on re-exchanging. 
Analysis of exhausted catalyst however, showed the presence 
of most of the titanium introduced during exchange. It 
could be assumed that the Ti3+ exchanged on zeolite surface
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changed its oxidation state as the reaction proceeded. Some 
left the zeolite surface as titanium dioxide while most 
remained as Ti4+. Though the total amount of titanium in 
the zeolite increased during each exchange, the amount of 
fresh intake of Ti^^ was constant after slight increase as 
could be observed from Table 4.6. It is assumed that the 
fresh titanium exchanged on zeolite are in Ti^+ state. Method 
of Ti analysis has already been discussed in section 4.4.1.
The following points should be considered in proposing a 
possible reaction mechanism.
Cleavage of water produces hydrogen and oxygen. Significant 
quantities of hydrogen have been obtained. Gaseous oxygen 
was not detected probably because oxygen combined with 
titanium to form titanium dioxide. The milky precipitate 
obtained after the reaction contained 90% titanium dioxide.
When base was added between consecutive exchanges, hydrogen 
gas was collected. The base on analysis showed no sign of 
titanium ion. This production of additional hydrogen 
proceeded even in the dark. It could therefore be concluded 
that during base addition no cleavage reaction occurred. It 
was the adsorbed hydrogen which was recovered.
The difference in the behaviour of 3A and 5A zeolite even after 
addition of base during successive runs showed that potassium 
ion did not exchange with calcium ion inside 5A zeolite lattice 
Potassium ion because of its charge was preferred over adsorbed 
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Various mechanisms could be proposed for the water cleavage 
reaction, some of which are discussed below.
The first mechanism is similar to that of Augugliaro et 
al (31) for ammonia synthesis from TiÛ2 which is based 
on the assumption that under irradiation Ti^+ produces 
a positive hole and an electron. The electron further 
reacts with proton forming hydrogen.
Ti3+ JllU Ti4+ + e-aq (1)
e-aq + -- > H ( 2 )
2H --  ^ H2 ( 3 )
Ti4+ + 4H 2O — »Ti(0H)4 + 4h4+ (4)
(26)An alternate mechanism is based on Van Damme and Hall's 
suggestion regarding Kuznicki and Eyring's photolysis reaction
2Ti3+D + H2O Ti4+ - 0 - Ti^+ + H2 (5)
For titanium exchanged on zeolite the above equation can 
be modified as
TiCl] + 3 K(Z) Ti^+ (3Z) + 3KC1 + CI2 (6)
(Exchange with TiClg)
2Ti3+ (3Z) + H2O — > (Ti4+-0-Ti4+)(6Z) + H 2 (7)
(Cleavage of water)
According to both mechanisms, two Ti^^ ions produce one 
molecule of hydrogen.
During the present study hydrogen was recovered during base 
addition. Titanium dioxide was found in the reactor as 
the water cleavage reaction proceeded, to account for these
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the above equations are modified and the following reaction 
mechanism is proposed.
7Ti3+ (3Z) + 5 H 2 O ^  2H2 + 3(H2)(z”) + 3 ( Ti 4 + -o-Ti 4+) ( 6Z )
+ Ti02 (8)
(Water Cleavage)
3(H2)(Z") + K O H — »3H2 + 3KZ (9)
(Recovery of adsorbed hydrogen)
3K+(Z) + TiCl] ^5^ Ti3+(3Z) + CI 2 + 3KC1 (10)
C H A P T E R  5
P H O T O - A S S I S T E D  A M M O N I A
P R O D U C T I O N  U S I N G  T i  E X C H A N G E D
Z E O L I T E S
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5 .1 Introduction
This chapter deals with the synthesis of ammonia by
performing the photolysis of water and the photo-reduction
of nitrogen concomitantly, using titanium-exchanged zeolites
(25 31 32)in a fluidised bed reactor. Recent workers ' '
were able to produce ammonia using iron-doped titanium 
dioxide subjected to near ultraviolet irradiation. The 
conversion of solar energy into chemical energy will be 
greatly enhanced if the spectrum of the irradiation can be 
extended into the visible region. The present work aims 
at the cleavage of water and fixation of nitrogen over 
type A zeolites under visible light irradiation.
5.2 Apparatus and Preparation of Catalyst
The apparatus consisted of the following parts.
5.2.1 Reactors
The reactor consisted of a sintered glass cylinder having 
a porosity of one which corresponds to the maximum pore 
diameter of 0.09 to 0.15 mm. The internal diameter and 
height of the reactor were 29 mm and 250 mm respectively.
The sintered glass disc acted as a distributor. Details 
of the reactor are presented in Fig 5.2.1.
5.2.2 Auxiliary Equipment
The effluent gases were absorbed in a 500 ml B-29 dreschel
Fig. 5.2.1.
Single pass reactor
1 Inlet for reactant 
gas
2 Glass sintered disc




gas wash bolL1e coulaining dilute sulphuric acid. The 
inlet to the absorber had a domed sintered glass bulb for 
efficient absorption.
A 150 watt photo-flood lamp was used as the light source.
The light bulb was placed within an aluminium reflector, 
thus producing fairly uniform illumination. The power 
supply to the bulb was varied by a power regulator which 
was connected in series with a watt meter for the 
measurement of the actual power supplied to the light bulb.
To achieve a more uniform irradiation of the whole reactor 
surface, an aluminium sheet of mirror finish quality was 
used as a reflector, placed behind the reactor.
The experimental apparatus used to desorb any adsorbed 
ammonia and hydrogen was similar to that described in section 
4.3. The reactor was not irradiated as it was not necessary 
for desorption process.
For experiments involving recirculation of unused product 
gases a peri-staltic pump having variable speed was used.
The speed of the pump was varied to maintain uniform 
fluidisation during successive experiments involving the 
same starting catalyst.
5.2.3 Catalyst Preparation
The catalysts used were titanium exchanged zeolites of
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Laporte type 3k, 4A and 5A. The particle diameter of 
zeolites varied from 1 to 2 mm to 0.25 to 0.5 mm. The 
cations in the zeolites were exchanged with different 
concentrations of titanium trichloride solution in HCl.
For every gram of zeolite treated 2 ml of exchanging 
solutions were used. The zeolite was soaked in the exchang­
ing solution unstirred at room temperature for one hour.
After the completion of ion-exchange the catalyst was washed 
with distilled water until it was completely free of 
titanium trichloride solution. At the end of each exper­
iment, the deactivated catalyst was washed several times 
before re-exchanging with base or TiClg solution. Deact­
ivated zeolite was re-exchanged with titanium ions using 
the same procedure as in the preparation of new catalyst.
In all the experiments, unless otherwise stated, the process 
was started with one gram of zeolite. Zeolite exchanged 
for the first time will be referred to as 'new catalyst' 
and the zeolite exchanged for more than once as 're-exchanged 
catalyst'.
5.3 Experimental Methods, Results and Discussions
The arrangement of the experimental equipment depended 
upon whether the effluent gases were recirculated or not.
In both cases gas pressure was required just to overcome 
the pressure drop across the distributor. The pressure drop 
across the bed in both cases was negligible.
5 . 3 .1.a Without Recirculation of Gases
High purity nitrogen was introduced from a gas cylinder, 
through a rotameter, into the reactor containing the 
catalyst and water. The effluent gases were withdrawn 
through a nylon tubing attached to a rubber stopper at the 
top of the reactor. The gases were absorbed in dilute 
sulphuric acid. After completion of the reaction the 
amount of ammonia absorbed was measured by the methods 
as described in section 3.4. The same experimental 
equipment was used with air as the source of nitrogen 
supply and fluidisation. A flow diagram of the equipment 
is given in Fig 5.3.1.a.
5 . 3.1.b With Recirculation of unused Gases
The reactor was connected to the cylinder containing high 
purity nitrogen via a peri-staltic pump and the three 
way stopcock. No 1. The catalyst and water were added 
to the reactor. The effluent gases were absorbed in 
dilute sulphuric acid. The unabsorbed gases which were 
composed mostly of nitrogen and some unreacted hydrogen 
were allowed to escape into the atmosphere through the 
stopcock. No 2. The sulphuric acid in the absorber and 
the water inside the reactor were de-gassed under vacuum 
for 2 hours and de-oxygenated by passing nitrogen for half 
an hour before they were added to the system.





























































































P 4-» > 1
0 <— 1 P 0
4-» 0 P 0 >
0 - P O X J
0 4 -) P 0
- P U O 0
4-1 P 0 0 P
0 0 0 jq X
cü eu P i <





- P  
0 
0 0 
X 0 4-) 0 
G 0 
> 1  C p  0
4-» 
0 G 
- p  0  
G G
O  r P  
ë 44 
g  4 4  
0 0


















process. To start the process, the entire apparatus was 
purged with high purity nitrogen for fifteen minutes. Then 
the stopcocks were turned to make the system a closed cycle. 
The nitrogen supply was discontinued, and the peri-staltic 
pump was switched on. After the completion of the reaction, 
stopcock No 1 was connected to a wash-bottle filled with 
distilled water. Care was taken to make the connecting 
tubing free of any air bubbles. Stopcock No 2 was connected 
to the gas chromotograph. Water was pumped into the system 
to drive the recirculating gases to the gas chromatograph 
for analysis of hydrogen. Hydrogen was analysed by the 
technique discussed in section 4.4.2. The water inside the 
reactor and the dilute sulphuric acid used in the absorber 
were analysed for ammonia. The methods discussed in section
3.4 were used for ammonia analysis.
5.3.2 Blank Experiments
Blank experiments were performed to determine the factors 
influencing ammonia synthesis reactions. To find out 
whether the reaction was due to zeolite or titanium 
exchanged zeolite, experiment was carried out using un­
exchanged 'A' type zeolite. To confirm the photo-assisted 
nature of the reaction blank experiment was performed in 
the dark.
Unexchanged type A zeolite was used in a single pass reactor. 
The effluent gases were absorbed in dilute sulphuric acid 
No ammonia was, however, produced during the reaction.
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Titanium exchanged zeolite was used as a catalyst in experiments 
performed without any irradiation. The reaction was performed 
in a dark room. The catalyst was also prepared in dark. The 
experiment failed to produce any ammonia.
Blank experiments show that ammonia synthesis reaction was 
due to titanium ions in zeolite. Furthermore the blank 
experiments proved that the reactions are photo-assisted as 
no ammonia was produced in theabsence of irradiation.
5.3.3 Rate of Ammonia Production
The rate of ammonia production was studied for both new' 
and re-exchanged titanium exchanged zeolites. 5A zeolite 
beads of 1 to 2 mm diameter were exchanged with 30% (w/v) 
titanium trichloride solution for one hour.
Fig 5,3.3.a shows the rate of ammonia production for the 
new catalyst. The production figures are in mg of ammonia 
produced per gram of zeolite. The production of ammonia 
during the first hour was maximum. The catalyst was very 
active, but the activity decreased with time. After a 
few hours the rate of ammonia production became very low.
The process was stopped after four hours. Results of 
hourly production of ammonia over re-exchanged catalyst 
are given in Fig 5.3.3.b. There was no ammonia prod­
uction during the initial 5 to 10 minutes; thus the 
ammonia produced during the first hour was less than the 










Fig 5.3.3.a Cumulative production of ammonia for new catalyst 
(1 to 2 mm 5A zeolite exchanged with 30% TiClg 











0 1 2 3 4 5
Time (hours)
Fig 5.3 .3 .b Cumulative production of ammonia after the 
fourth re-exchanging. (1 to 2 mm 5A zeolite 
exchanged with 30% TiClo solution for one 
hour)
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production of ammonia then increased rapidly and the 
active period lasted for two hours, before finally dropping 
The process was stopped after four hours.
As the reactions proceed titanium ions leave the surface 
of the catalyst. A turbid precipitate was obtained 
inside the reactor which on analysis was found to be 
titanium dioxide and broken pieces of zeolite. In the 
case of hydrogen production where an unstirred reactor 
was used only titanium dioxide was found in the precipitate 
inside the reactor. In the case of fluidised bed reactor 
due to attrition, zeolite was also found in the precipitate 
inside the reactor. The titanium dioxide was obtained due 
to the combination of Ti^ '*’ ions with oxygen produced 
during cleavage of water. Titanium dioxide left zeolite 
surface and formed a precipitate. As the number of active 
Ti3+ sites decreased the production of ammonia also 
decreased. The ESR spectrum of the exhausted catalyst did 
not show any signal of Ti^+ ion (see appendix) which 
confirmed that during reaction Ti3+ was oxidized to Ti^^. 
This aspect will be discussed in section 5.4.
(38)
Rees and Berry have reported the effect of the 
presorption of ammonia on subsequent sorption of oxygen 
and nitrogen on potassium and calcium exchanged A type 
zeolites. At small ammonia loading, a cut-off in the 
sorption of these non-polar gases has been found. The 
reason for the decrease in the production of ammonia after
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a few hours of reaction seems to be partially caused by 
the sorption of ammonia produced. The adsorbed ammonia 
prevents nitrogen from coming into contact with hydrogen, 
thereby decreasing the ammonia production after a few 
hours.
5.3.4 Types of Zeolites
The behaviour of three types of zeolite A was studied.
The effectiveness of all the zeolites in promoting the 
reactions may vary due to differences in pore size and 
the cations originally present. For this study base was 
not added between consecutive exchanges, so as not to 
change the original cations present.
Similar to the results on the production of hydrogen, 4A 
zeolites gave the poorest performance. 5A zeolites 
showed the best result. 3A zeolites showed similar 
pattern of ammonia synthesis as 5A but with relatively 
less production of ammonia. The performance of various 
A type zeolites is presented in Fig 5.3.4.
During hydrogen production irregular patterns were observed, 
when the spent catalysts were re-exchanged, while during 
the production of ammonia smooth curves were obtained.
The reason might be that in the former case the catalysts 
were static while in the latter case the catalysts were 
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in a more uniform irradiation and in the release of effluent 
gases. It might be noted that when base addition step, was 
introduced between consecutive exchanges in the production 
of hydrogen, smooth curves were obtained. When base added, 
the hydrogen produced during the reaction was desorbed.
There was no production of hydrogen. In ammonia production 
due to fluidisation this effect could be reduced.
4A zeolite, which is in the sodium form is difficult to 
exchange with titanium. The reason for the decrease in the 
production on subsequent exchanges was probably due to the 
fact that some of the sites which were originally 
exchanged with Ti3+ might have changed into Ti^+ but were 
still attached to the zeolite lattice. Additional 
exchange of sodium ion with Ti^+ did not seem to be possible, 
Hence due to the non-availability of Ti3+ sites the product­
ion of ammonia decreased. For 3A and 5A zeolites, active 
sites of Ti^+ were always available because of the ease 
of exchange of potassium and calcium ions with titanium.
Higher production of ammonia by 5A zeolite as compared to 
3A zeolite could be due to larger diameter of the former.
In A type zeolites each unit cell contains one large 
cavity, approximately 11.4Â in diameter linked with 
six other cavities by inter-connecting windows of 4.2A 
free diameter. The free diameter reduces to 3.2A when 
a sodium ion is exchanged with a potassium ion. The 
resultant product is 3A zeolite. The free diameter
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increases to 5.2A when two sodium ions are exchanged with one 
calcium ion in the case of 5A zeolite. The molecular diameters
o
of hydrogen and oxygen are less than 3.O A . The molecular
O
diameter of ammonia is 3.08A. Larger pores of 5A zeolite 
might have contributed to the production of ammonia.
Further discussion shall be presented in section 6.
5.3.5 Recovery of Ammonia and Hydrogen
It would be advantageous to recover the adsrobed hydrogen 
and ammonia in order to free the zeolite surface for 
further reaction. IN potassium hydroxide was used to
desorb the ammonia and hydrogen from the zeolite surface.
Potassium ion because of its charge could replace ammonia 
and hydrogen molecules effectively from the zeolite lattice.
For the recovery of hydrogen similar experimental equipment 
as described in section 4.3 was used. The desorbed gases 
were analysed for hydrogen by gas chromotograph. The base 
inside the reactor was analysed for its ammonia content using
the method described in section 3.4.
Results are compared on the basis of average amount of 
ammonia produced during reaction with average amount of 
ammonia recovered during base addition. Average amount of 
hydrogen recovered during the addition of KOH is also given. Average 
is calculated on the basis of total amount of product during 
successive reaction per gram of zeolite in the reactor during 
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Fig 5.3.5
Number of exchanges
Variation of ammonia production with number of exchanges 
for 3A and 5A zeolites with and without base addition 
step between consecutive exchanges (1 to 2mm zeolite ex- 
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Table 5.3.5 shows that from 13 to 30% of the total amount
of ammonia produced was recovered during the base
add t  i o n  step, between two consecutive exchanges with
TiClg solution. Hydrogen was also recovered during the
base soaking step. The desorption step was found to
proceed even in the dark without affecting the production
of ammonia and hydrogen. Moreover the amount of hydrogen
recovered increased as the amount of ammonia recovered
decreased and vice versa. Soaking the deactivated catalyst
in IN potassium hydroxide after the completion of the reactions
released the adsorbed ammonia and hydrogen from the zeolite
surface. This soaking process did not affect the structure
of the zeolite, in other words it did not alter the free-
diameter of the zeolite. Fig 5.3.5 compares the behaviour
of 3A and 5A zeolite with and without base addition step
between two consecutive exchanges with TiCl] solution. The
difference in the performance existed without the addition
of base. Similar differences in the production could
be seen even after base was added between consecutive
exchanges with TiCl^ solution step. If the catalyst
used was a calcium based zeolite then during soaking
in IN potassium hydroxide it did not change significantly
to potassium based zeolite. The surface calcium ions
had already been exchanged with titanium ions and
the sites left vacant due to Ti3+ leaving the surface
were filled by ammonia or hydrogen. During desorption,
potassium ions were introduced in the vacant sites and
were later exchanged with titanium ions later. So the
possibility of calcium ion being replaced by potassium
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ion on the zeolite surface was rare. The conditions 
applied during base soaking were mild and the duration of 
soaking in base was short, so the potassium-calcium transfer 
did not seem to be effective inside the zeolite crystals.
The fact that the desorption step is unaffected by light 
gave further evidence that the recovered ammonia and 
hydrogen were due to desorption and not due to any chemical 
reaction. No titanium was detected in the base ie there 
was not formation of titanium dioxide during the period 
when the exhausted catalyst was soaked in base. In all 
experiments except those reported in section 5.3.4 a base 
soaking step was included between consecutive exchanges 
with TiClg solution.
5.3.6 Concentration of Ion-Exchange Solution
Zeolite and titanium trichloride solution are stable under 
different pH conditions. Zeolite is stable under basic 
conditions whereas titanium trichloride solution is stable 
under acidic conditions. Decreasing the concentration of 
titanium trichloride solution had a favourable effect on 
hydrogen production as observed in section 4.5.4. The 
concentration of the exchanging solution was varied to study 
its effect on 3A and 5A zeolite for ammonia synthesis and 
hydrogen production. 1 to 2 mm beads of 3A and 5A zeolites 
were exchanged with 30%, and 7.5% titanium trichloride 
solution for one hour in each case.
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Fig 5.3.6 Variation of ammonia and hydrogen production with the 
number of exchanges at different concentration of 
exchanging solutions (1 to 2 mm zeolites exchanged 
for one hour)
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TiClg solution are compared in Figs 5.3.6.a and 5.3.6.b resp­
ectively. The loss in the weight of the catalyst increased with 
higher concentration of exchanging solution (section 4.5.4).
5A zeolite favoured hydrogen production when exchanged with 
lower concentration of TiCl^ solution and ammonia production 
when exchanged with higher concentration of TiClg solution.
3A zeolite favoured ammonia production at high concentration 
of TiClg solution. There was, however, no significant 
difference in the production of hydrogen when the concentration 
of TiCl] solution was varied.
5.3.7 Particle Size
The effect of particle size on ammonia production was
studied by using 1 to 2 mm, 0.50 to 0.71 mm and 0.25 to 
0.50 mm zeolite exchanged with 7.5% TiClg solution. The 
flow rate at minimum fluidisation decreased with decreasing 
particle size. Results of ammonia production using diff­
erent particle size of 5A zeolite are given in Table 5.3.7.
In Fig 5.3.7.a and b the production of ammonia and hydrogen 
using different particle sizes of 3A and 5A zeolites are 
compared. For simplification, the behaviour of 1 to 2 mm 
and 0.25 to 0.50 mm zeolites are given in the above mention­
ed figures. In the case of 3A zeolite the amount of ammonia 
produced after the eighth exchange dropped from 1.6 to 0.55 
mg/g zeolite but the amount of hydrogen produced increased from 2.4 
to 22.5 ml/g zeolite when the particle size was reduced from 













































Fig 5.3.7 Variation of ammonia and hydrogen production with 
number of exchanges for 1-2 mm and 0.25-0.50 mm 
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difference was observed regarding the production of 
ammonia up to the sixth exchange when the particle size 
was reduced from 1 to 2 mm to 0.2 5 to 0.50 mm. The 
production of ammonia, however, dropped by 16% after the 
seventh exchange. No difference in hydrogen production 
was observed till the fifth exchange. During successive 
exchanges the production of hydrogen for smaller particle 
size zeolite increased and it was almost double by the 
ninth exchange.
3A zeolite showed clear tendency for ammonia production 
for 1 to 2mm and hydrogen production for 0.25 to 0.5 mm 
zeolite.
5.3.8 Flow Rate
To study the effect of flow rate on the production of
ammonia, the flow rate was varied from 10 ml sec to
-1
40 ml sec , for 0.25 to 0.50 mm new catalyst. 5A
zeolite exchanged with 7.5% TiCl^ solution for one hour
was used as catalyst. Fig. 5.3.8 shows that the
production of ammonia increased with increasing flow
-1
rate up to 37 ml sec ; increasing the flow rate further 
decreased the production.
At the optimum velocity the bed was fluidised. The 
particles at the bottom of the bed were changing 
positions whereas the particles at the surface of the 








































Fig 5.3.8 Variation of ammonia production as a function
of flow rate. (o.25 - 0.50 mm zeolite exchanged 
with 7.5% TiCl^ solution).
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During each exchange with TiCl^ solution the catalyst 
lost some weight, its density decreased. During the 
experiments, some particles were broken into smaller 
pieces. These two factors resulted in a catalyst which 
could be fluidised more easily. After five exchanges
-I
flow rate as low as 11 ml sec was enough for complete 
fluidisation. The effect of particle size and the flow 
rate are interdependent and should be pursued further.
5.3.9 Source of Nitrogen for Ammonia Synthesis 
The conversion of nitrogen into ammonia per pass was very 
small. Most of the nitrogen fed was not utilised and 
escaped to the atmosphere. It was possible that not 
all the hydrogen produced was used in ammonia synthesis.
The quantity of unutilised hydrogen was too small for it 
to be detected by the gas chromatograph. Effluent gases 
from the reactor, after absorption of ammonia, were 
therefore, recirculated to increase the nitrogen conversion 
and to increase the concentration of unreacted hydrogen in 
the circulating gases. Use of air as a source of nitrogen 
supply to the synthesis reaction was also investigated.
The effect of the source of nitrogen supply, because of 
its importance was studied with 1 to 2 mm and 0.25 to 
0.50 mm 3A and 5A zeolites exchanged with 30% and 7.5% of 
TiClg solution. Figs. 5.3.9 a to c show that recirculation 
of effluent gases increased the production of ammonia.
The increase was most prominent when 1 to 2 mm zeolites
were exchanged with 30% TiCl^ solution. The same
figures show that the amount of hydrogen produced, however,
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decreased with the exception of 1 to 2 mm 5A zeolite 
exchanged with 30% TiCl^ solution.
Using air instead of nitrogen, produced almost the 
same amount of ammonia in the case of 1 to 2 mm 3A and 
5A zeolites exchanged with 30% TiCl^ solution. At 
lower concentration of exchanging solution, no regular 
pattern in the production of ammonia was observed for 
1 to 2 mm and 0.25 to 0,50 mm 3A and 5A zeolites.
Comparison of Figs. 5*3.9a with b indicates that 
recirculation of unused effluents were more favourable 
in the case of 1 to 2 mm beads. The reason probably was 
that a high flow rate was required to maintain fluidisation, 
because of the high flow rate scrubbing of ammonia 
produced, was not complete, as a result of which some 
ammonia could have been lost to the atmosphere.
Hydrogen was measured in the recirculating gases. The 
amount of hydrogen in the recirculating gases decreased 
during successive exchanges, except for 0.2 5 to 0.50 mm 
3A zeolite where the amount of hydrogen increased until 
the third exchange then decreased on further exchanges.
The results of hydrogen produced during successive 





























Variation of ammonia production with number of 
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Fi9 5.3.9c Variations of ammonia production with number of 
exchanges for different sources of nitrogen over 
0.25-0.50 mm 5A and 3A zeolites
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Average production of ammonia and hydrogen from one gram 
of zeolite exchanged initially are given in Table 5.3.9a. 
The average production has been calculated for 1 to 2 mm 
and 0.25 to 0.50 mm 3A and 5A zeolites exchanged with 30% 
and 7.5% TiCl^ solution. The average production confirms 
the observations made in Fig. 5.3.9a to c. Recirculation 
of effluent gases increased the production of ammonium 
but decreased hydrogen production with the exception of 
1 to 2 mm 5A zeolite exchanged with 30% TiCl^ solution.
Using high purity nitrogen and a lower concentration of 
exchanging solution, higher production of ammonia and 
hydrogen were obtained both for 3A and 5A zeolite compared 
to similar conditions when effluent gases were 
recirculated. Decreasing the particle size the production 
of ammonia decreased while that of hydrogen increased 
when the same concentration of exchanging solution was 
used. This behaviour was more prominent in the case of 
3A zeolite. 5A zeolite behaved differently, no difference 
in the production of ammonia or hydrogen was observed 
on decreasing the particle size. Using air instead of 
nitrogen the production of ammonia remained almost constant 
for 1 to 2 mm and 0.25 to 0.5 mm 3A and 5A zeolite exchanged 
with 30% and 7.5% TiCl^ solution respectively. 1 to 2mm 
3A and 5A zeolite exchanged with 7.5% TiCl^ solution 
produced more ammonia when nitrogen was used instead of 
air. No hydrogen was ever recovered when air was used 
for fluidisation.
Table 5.3.9 a * Average production of ammonia and hydrogen
Catalyst
Recirculation of 


































0.084 0.1 0.077 0.2 0.071
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During the synthesis processes involving recirculation 
of effluent gases, oxygen was always found. Fig., 5.3 . 9d 
shows the influence of oxygen on the production of 
hydrogen. As the amount of oxygen increased in the 
circulating gases the quantity of hydrogen dropped.
With about 2.2 5% oxygen in the circulating gases the 
quantity of hydrogen dropped by 64% for 5A zeolite and 
73% for 3A zeolite. This drop of hydrogen was primarily 
due to recombination of hydrogen and oxygen. When air 
was used as source of nitrogen, no hydrogen was detected 
during the process or during base addition.
Table 5.3.9b shows the conversion of nitrogen to ammonia. 
It is evident that the conversion of nitrogen is very low 
and it increased by 250 to 1000 fold with recirculation 
of effluent gases. A comparatively high flow rate of 
nitrogen had to be maintained to fluidise the bed. The 
flow rate was much higher than the amount of nitrogen 
required stoichiometrically. This is the reason for low 
conversion of nitrogen to ammonia. When the unreacted 
nitrogen was recirculated the ratio of nitrogen converted 
into ammonia to the overall amount of nitrogen present 
inside the apparatus increased. Hence the conversion of 
nitrogen in 'recirculation of effluent gases system' 
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Fig 5.3.9d Influence of oxygen present in the circulating 
gases on the amount of hydrogen recovered during 
base addition between consecutive exchanges
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5.4 Conclusions and Reaction Mechanism
From the results obtained during the present study the 
following conclusions could be made, on the basis of 
which a suitable mechanism is proposed.
1) The rate of ammonia production decreased after 3 to 
4 hours of reaction. The reasons were: i) Titanium ions 
were leaving the zeolite surface; ii) Ti^^ were oxidised 
to Ti^^ thereby becoming ineffective for the reaction; 
iii) Chemisorption of ammonia prevented nitrogen from 
reacting with the hydrogen produced.
2) Ammonia and hydrogen were recovered during base 
addition in between exchanges with titanium even in| 
the dark. They were not produced by photo-assisted 
reactions during the base soaking step but were due to 
desorption from the zeolite crystals.
3) Gas chromatograph analysis showed that there was 
unreacted hydrogen in the effluent gases.
4) Base addition does not alter the internal pore size 
of the zeolite. The difference in results from identical 
conditions applied on 3A and 5A zeolites shows that 
their individual identity remains.
5) 5A zeolite favours ammonia synthesis because of 
bigger pore diameter. 3A zeolite is more selective 
towards hydrogen production.
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6) Larger particles favour ammonia synthesis probably 
because of increased residence time of the reacting 
gases inside the pores of zeolite.
7) Oxygen in the fluidising gas reduces the amount of 
hydrogen in the product gases. No hydrogen was recovered
when air was used as the source of nitrogen for ammonia
synthesis.
8) The fact that ammonia could be produced even by using 
air as the source of nitrogen supply indicates that the
reaction of nitrogen with water is going on simultaneously
with the cleavage of water.
H 2 O  > H 2 + h02 Ac /electron = 1.23 v
N 2 + 3 H 2 O ----- )2NH] + 1.502 AG/electron = 1.17 v
9) ESR studies clearly show the presence of a strong 
peak at g = 1.94 5 for new as well as re-exchanged
catalysts. This corresponds to Ti^^ as reported by
Ono et al^^^^. The ESR signal was not observed over 
spent catalyst but reappeared on re-exchanging with 
TiCl^ solution.
(3132)
Augugliaro et al ' in their studies using titanium
dioxide proposed that band gap irradiation reduced 
4 + 3 +Ti to Ti . In the present case as the titanium ion was
already present in Ti^^ state, therefore no irradiation
4 +
in the range of the band gap of Ti was required. In 
other words visible illumination was sufficient to bring 
about the cleavage and the synthesis reactions.
1 02
For ammonia production, reaction mechanism similar to 
those of hydrogen could be proposed.
The first mechanism is based on the assumption that Ti^^
4 "t" — —
under irradiation forms Ti and e . e is capable of
producing hydrogen from proton. The reaction mechanism
(32)similar to that of Augugliaro et al could be
proposed.
3Ti^^ i'' 3Tl'*’^ + 3e” aq
3e"aq + 3H'" 3H° (2)
3H° + -+ iNH^ (3)
3Ti^* + I2 H2 O + 3Ti(0H)^ + ^2B* (4)
The second reaction mechanism is based on Van Damme and 
Hall's suggestion already discussed in section 4.6
6Ti3+(3Z) + SH^O + Ng ^ 3(Ti^^-0-Ti4+) (6Z) + 2NHg (5)
During the present study some unreacted hydrogen was found 
along with ammonia both during the reaction stage as well 
as during base addition.
Titanium oxide was also measured along with broken pieces 
of zeolite during synthesis reactions. Hence the above 
equation is modified as below
11Ti^+(3Z) + VH^O + 1 . 5 N ^ 2 N H ^  + iH^ + ( 2 H 2 ) (NH^ ) ( 3 Z )
+ 5(Ti^^-0-Ti^+)(6Z) + TiO^
(Ammonia synthesis and hydrogen production.)
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The relative quantity of ammonia and hydrogen might vary 
depending upon the type of zeolite and various other 
variables (section 6.)
[ (2 H 2 ) (NH^) ] 3Z + KOH 2H^ + NH^ + 3KZ (7)
(Recovery of ammonia and hydrogen
3KZ + TiCl^ Ti3+(3Z)tCl2 + 3KC1 (8)
(r b -^exchanging with TiCl_)
C H A P T E R  6
D I S C U S S I O N  , C O N C L U S I O N S
A N D  S U G G E S T I O N S
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6.1 Discussion
6.1,1 Comparison of Present Results with Literature
One can compare results based on 1) unit weight of catalyst,
2) unit volume of catalyst, 3) unit surface area of catalyst 
or 4) unit active sites in the catalyst. The studies of 
photo-assisted cleavage of water so far reported in the 
literature do not agree on any of the above mentioned basis.
(23)Fujishima and Honda reported the result of water photo­
electrolysis on the basis of quantum efficiency. Schrauzer 
(25)and Guth reported ammonia production as^moles with no
data on quantum efficiency. Sakata et al^^^^ used m moles 
whereas Sato and White^^^'^^^ used ^moles of hydrogen 
produced as the basis of their results. Augugliaro et al^^^ 
reported the production of ammonia as pgram/hr. Sakata 
et al^^^) and Augugliaro et al^^^^ have also reported the 
quantum efficiency. O t h e r s h a v e  used ml of 
hydrogen gas at STP as the basis to report their results.
All the above mentioned authors have used metal-doped 
titanium dioxide as a catalyst, but have used different 
quantities of the catalyst and different reaction durations.
Jacobs et al^^^^ and Kuznicki and Eyring^^^^ have used
metal exchanged zeolites and have reported the yield as
(43)ml of hydrogen produced. Leutwyler and Schumacher 
have used quantum yield to report their results.
The active component in both the above mentioned cases was
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titanium. Therefore in the absence of any standard basis, 
mmole of product per gram of titanium present in the catalyst 
per hour was chosen to compare the results. Table 6.1 reports 
the results as in the units used in the literature and their 
equivalent in mmoles per gram of titanium per hour.
Childs and Ollis^^^^ proposed a photo-catalytic turn over 
number as a criterion for comparing the activities of 
different catalyst, but such an ideal state of knowledge is 
usually not available. According to Childs and Ollis^^^^ 
photo-catalytic turnover, which is the number of molecules 
reacted/photon absorbed, is not easy to calculate. The 
photon active sites absorbed refers strictly to the photons 
absorbed by the actual catalyst which is dependent on reactor 
geometry, wavelength, inhomogeneity of reaction mixture and 
absorption coefficients. To a fair degree of accuracy the 
rate of photons entering the reactor or the photons absorbed 
by the catalysts could be measured by actinometric or 
photometric methods. Even these measurements are very 
difficult in heterogeneous systems because of light scattering 
effect. This approach would give a measure of the apparent 
quantum efficiency of the system.
According to Childs and Ollis^^^^ the turnover accomplished 
represents the number of molecules reacted per surface site, 
based on a catalytic site concentration of 5 x lO^^/cm^.
(79)Morrison suggested that for titanium dioxide the hydroxyl
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sites. This figure would correspond to Childs and Ollis^^^^ 
assumption of 5 x 10^'^/cm^ as the active site approximation.
If the active sites for semi-conductor photo-catalyst were
(77) (78)the defect or dopant sites, then Clark and Weisz
suggested that their concentration could be about
As a guideline Childs and Ollis^^^^ proposed that a turnover 
of less than unity has not proven the existence of catalysis, 
and somewhat arbitrarily, that a turnover larger than 100 
probably has. There are so many uncertainties involved, 
that it would not really be appropriate to decide on the 
basis of just one unproven criterion about the catalytic 
nature of a photo-reaction.
6.1.1.a Ti02 as a major component in the Catalyst
Fujishima and Honda^^^^, Sakata et al^^^^, Sato and White^^^'^^^
( 32 )and Augugliaro et al have reported quantum yield of the
reactions performed by them. The highest quantum yield of
(23)10% was reported by Fujishima and Honda and Sakata et
al^^^). During the present study a maximum of 32% quantum 
yield was obtained. However Sakata et al^^^^ produced
5.08 X 10"3 mmol/g of Ti/hr of hydrogen whereas during the 
present study a maximum of 3.13 x 10“  ^ mmol/g of Ti/hr of 
ammonia which is equivalent to 4.69 x 10~2 mmol/g of Ti/hr 
hydrogen was obtained.
(25)Ammonia production has been reported by Schrauzer and Guth
Augugliaro^^^'^^) and Miyama et al^^^^. Schrauzer and 
(25)
Guth's results indicate the highest ammonia production
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reported so far in the literature. They were able to produce
19.16 X 10“  ^ mmol/g of Ti/hr of ammonia. In the present
study a maximum of 31.3 x 10“  ^ mmol/g of Ti/hr of ammonia
(25)
was produced. Schrauzer and Guth further reported that
when hydrogen and oxygen were produced, there was no further
increase or decrease in the production after three hours of
(25)irradiation. They performed the ammonia synthesis
reaction for 3 hours only without giving any reason for 
stopping the reaction after 3 hours. It might therefore 
be safe to assume that no further increase in the production 
was observed after 3 hours. The catalysts used during the 
present study did not lose activity over a long period of 
irradiation. The only system which produced ammonia 
continously was reported by Augugliaro et a i (31,32)^ in 
the present study the highest amount of ammonia produced 
as well as the quantum yield obtained were 5-6 time better 
than that of Augugliaro et Higher ammonia
production during the present study is due to the use of 
a flat wall photoreactor and probably a better catalyst 
formulât ion.
6.1.1.b Zeolite as Catalyst
(44) (43)Jacobs et al , Schumacher and Leutwyler and Kuznicki
(45)and Eyring have used exchanged zeolites for water
( 44 )cleavage. Jacobs et al used silver exchanged zeolite.
They were able to produce 0.14 mmol/g of Ag zeolite after 
the zeolite had been exposed to sunlight for 2 hours.
During sunlight exposure oxygen was produced and the 
catalyst turned grey. The catalyst was then heated to 873K
108
to desorb hydrogen. It would be reasonable to assume that
all the oxygen which the catalyst could produce, was
obtained during two hours. In other words all the silver
exchanged on the zeolite was completely reduced within two
hours. Further irradiation would not increase hydrogen
(44)production. Jacobs et al used mass spectrometry to
analyse hydrogen. Mass spectrometry is not a suitable
(43)
method to analyse hydrogen. Schumacher and Leutwyler 
were able to perform similar experiments using silver 
exchanged zeolite 'A'. They reported the result as quantum 
yield, and were able to obtain quantum yields of 62-67%.
During the present study maximum quantum yield of 69.5% was 
obtained.
(45)Kuznicki and Eyring used a system similar to the present
study. They were able to produce 0.016 ml/g of H 2 from Ti zeolite 
in 45 minutes. It seems that after 45 minutes there was 
no further production. Even if it is assumed that the 
production continued after 45 minutes then hourly production 
would be 0.021 ml. Using the same starting materials 
ie 1 to 2 mm 3A zeolite exchanged with 20% TiClg solution 
during the present study, 0.82 ml/g of H2 of Ti zeolite was 
produced. Adding base between consecutive exchanges
1.6 ml/g of H2 of Ti zeolite was obtained. The figures for 
the present study are based on average production. Each 
run was continued for seven hours. 90% of the hydrogen was 
produced within four hours for new catalyst. Regenerated catal­
yst tool about nine hours for completion of run. So the 
production of hydrogen per hour would then be 0.184 ml
109
without base addition between exchanges and 0.36 ml with 
base addition between consecutive exchanges. Higher 
production of ammonia and hydrogen during the present study 
are mainly due to the following two reasons.
a) Addition of base to desorb hydrogen and ammonia from
the zeolite increased the yield by at least one third.
(43-45 )Previous workers did not use any desorption step in
their process.
b) Fluidisation of the catalyst increased the production
due to uniform irradiation. Jacobs et al^^^^ and Kuznicki
(45)and Eyring used a fixed bed while Schumacher and
(43)Leutwyler used a shaking table for their reaction.
6.1.2 Performance of 3A, 4A and 5A Zeolite
When sodium ions from 4A zeolite are replaced by larger 
potassium ions forming 3A zeolite the pore size reduces
o  O
from 4.2A to 3.2A. This reduction occurs gradually with 
increasing extent of potassium exchange. Reducing the 
cavity causes the sorption of oxygen to decrease to 
essentially zero.
When a divalent cation,eg calcium,replaces two sodium ions 
the channels are no longer partially blocked with cations, 
thereby increasing the pore size to 5.2A. This increase 
in pore size continues up to 30% exchange of sodium ion 
by calcium ion beyond which the pore size does not alter.
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..aie to increase in the pore size nitrogen can penetrate
tn9 cavities of 5A zeolite. There is an increase of oxygen
sorption by 30%. Sorption of oxygen and nitrogen on 5A
zeolite at -78°C and 700 mm pressure are 0.096 and 0.115 G/g
of zeolite. Under the same conditions the sorption of
02 and N2 on 4A zeolite are 0.06 and 0.088 G/g of zeolite
respectively. Performance of 3A, 4A and 5A zeolite are presented 
in Table 6.1 . 2 .
During exchange with titanium, A type zeolite undergoes the 
following changes.
i) Exchanging the original cation present by titanium 
increases the pore size.
ii) Because the exchange is carried out in an aqueous 
solution and the zeolite is then never allowed to leave the 
water, sorption of gases decreases considerably.
6.1.2.a Better Performance of 3A Zeolite for Hydrogen Production
3A zeolite cannot absorb oxygen. Exchanging with titanium 
might make the sorption of oxygen possible, but as the 
whole process goes on in water there remains little chance 
for oxygen to get adsorbed in the zeolite pores. The 
hydrogen produced therefore is not likely to recombine 
with oxygen to form water. Hence all the hydrogen produced 
could be recovered.
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titanium increases this capability but water reduces the 
sorption of oxygen greatly. Yet there remains some oxygen. 
A recombination of the absorbed oxygen with hydrogen might 
be the cause of low production.
5A zeolite is more selective towards nitrogen as compared 
to oxygen. Introduction of water reduces sorption of 
both oxygen and nitrogen but the extent of reduction in the 
sorption of oxygen is more than that of nitrogen. Hence 
the possibility of recombination of hydrogen produced with 
oxygen is less in case of 5A than 4A zeolite.
6.1.2.b Better Performance of 5A Zeolite for Ammonia Production
In the case of 3A zeolite nitrogen could be adsorbed only 
in pores created by titanium ions. Hence the amount of 
adsorbed nitrogen is higher than the amount required 
stoichiometrically but is not abundant.
The amount of hydrogen recovered, along with the amount
of ammonia produced, using 3A zeolite is higher than using 
other zeolites.
The reason for the low production of ammonia from 4A
zeolite is the same for its lower efficiency in producing
hydrogen. Recombination of hydrogen produced with oxygen 
seems to be more favoured than formation of ammonia.
Lower amount of Ti^+ exchanged on zeolite could be another 
reason of its poor performance (Table 4.6).
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5A zeolite, because of its selectivity in adsorbing nitrogen 
appears to be a better catalyst. Not much unreacted 
hydrogen is recovered when 5A zeolite is used for making 
the catalyst. There is a possibility that some hydrogen 
is lost by recombination with oxygen but most of the H 2 
are utilised in ammonia synthesis.
Larger pore size of 5A zeolite might favour ammonia 
production. Molecular diameter of ammonia is 3.08A. Due 
to titanium exchange on A zeolites the pore size of 3A,
4A and 5A increased. The amount of titanium exchange on 
4A zeolite was less than 3A or 5A zeolite. The amount of 
titanium exchange on 3A and 5A are almost equal so the 
increase in pore size would also be the same. Since 5A 
zeolite had initially bigger pore size than 3A zeolite, 
so it should have comparitively bigger pore size after 
exchange which makes it a better catalyst for ammonia 
production.
6.1.3 General Mechanism
If all the theories regarding photo-assisted cleavage of 
water and photo-assisted ammonia production proposed so 
far^^^' including those stated in chapters
3 to 5 are compared, all are unanimous in that photo­
assisted cleavage of water and synthesis of ammonia both 
proceed through titanium with a positive valency of 3 (Tf3+) 
No reaction can occur if the titanium is in any other 
valence state. In the case of titanium dioxide, titanium 
is present in +4 state. It has to be converted to Ti^^.
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Ultraviolet irradiation is required to bring about this 
conversion from Ti^’*’ to Ti^^ (Eo = -0.04v).
In the case of exchanged zeolite the titanium is already 
present in Ti3+ state. The ESR signals showed the existence 
of Ti^+ on the zeolite. Irradiation corresponding to the 
band gap of titanium dioxide is not required when using 
titanium exchanged zeolites. Irradiation in the visible 
region is therefore effective in bringing about the reactions
As the reaction proceeds both in the case of titanium 
dioxide as well as titanium exchanged zeolite, Ti^+ becomes 
converted to Ti^+ which is inactive by itself as a photo­
catalyst. Tf4+ has to be converted back to Ti^ "*". The 
conversion back to Ti^+ process is different. Using 
titanium dioxide Ti^+ gets attached to 0H~ forming 
Ti4+-0R- which accepts a proton forming Ti4+-0H . Lastly 
Ti4+-0H joins with a hole and gets converted back to 
active Ti3+. For photo-assisted reactions over titanium 
exchanged zeolites, zeolite acts as catalyst. Ti^+ 
introduced during exchange with TiCl] solution either 
leaves the zeolite surface or converts to Ti^+ and remains 
attached with zeolite. Ti^+ is reintroduced to the catalyst 
by re-exchanging. According to Kuznicki and Eyring^^^^ 
heating the exhausted catalyst to 275°C at 3xlO“2 Torr could 
reproduce half the amount of Ti3+ initially present.
In the present study this method was not applied. A 
simple chemical step was used to complete the cycle. The
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exhausted zeolite catalyst which contained no Ti^+ accord­
ing to ESR signal was re-exchanged to reactivate the 
catalyst.
6.1.4 Advantages and Disadvantages of the Present Study
The present study has the following advantages and disad-
(25 29 32)vantages over the other reported ' ' studies for the
utilisation of photo-energy.
6.1.4.a Titanium Dioxide 
The advantages are:
1) The maximum amount of ammonia obtained was highest 
reported so far.
2) The catalyst did not lose its activity over long periods 
of irradiation.
The disadvantages are:
1) The narrow range of irradiation (390-415 nm) required for 
the photo-excitation makes the process expensive.
6.1.4.b Titanium Exchanged Zeolite 
The advantages are:
1) The production obtained as m mole/gram of Ti/hr was 
the highest both for ammonia as well as hydrogen reported 
so far.
2) The catalysts used are the least expensive. The
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titanium trichloride solution used as exchanging solution 
is reusable.
3) Air can be used effectively for ammonia synthesis.
4) A much wider spectrum of solar energy can be utilised 
for the cleavage of water and synthesis of ammonia using 
titanium exchanged zeolite.
The disadvantages are:
1) The loss of activity of titanium exchanged zeolite as 
the reaction proceeded.
2) Loss of weight of catalyst during successive exchanges.
6.2 Conclusions
The present study led to the following conclusions.
1) Under ultraviolet irradiation iron doped titanium 
dioxide is effective in the synthesis of ammonia. The 
reaction is continuous and the catalyst does not lose 
activity over long periods of irradiation.
2) Titanium exchanged zeolites are effective in photo­
assisted water cleavage and nitrogen fixation reactions.
The titanium exchanged zeolites are active under visible 
irradiation. Both air and nitrogen can be used as the 
reactants for the nitrogen fixation reaction. Unused gases
1 16
can be recirculated to the reactor. Hydrogen is produced 
along with ammonia when fresh or recirculated nitrogen 
is used. In reactions where air is used for ammonia 
synthesis no hydrogen is detected. The adsorbed hydrogen 
and ammonia can be recovered by adding base to the exhausted 
catalyst.
Ti^ '*’ ions are responsible for the cleavage of water and 
ammonia synthesis. There is however a loss of Ti^+ ions 
because they form titanium oxides with oxygen produced 
during the water splitting reactions. These Ti^+ ions 
can be replenished by a re-exchanging process thus making 
it possible to photo-chemically synthesise ammonia from 
water and nitrogen continuously. Maximum production of 
ammonia and hydrogen can be obtained when the beds are 
well fluidised.
6 .3 Suggestions for Future Work
6.3.1 Titanium Dioxide Catalyst
An ultraviolet lamp with narrow bands of irradiation 
wavelengths was not available. Such a lamp would help to 
determine the effects of various metals doped on titanium 
dioxide. If the effects of various metals on band gap 
absorption could be determined, it might lead to the 
preparation of a catalyst with a band gap in the visible 
region.
Addition of certain metals eg Ru, Pt in trace quantities
1 17
might enhance fluidisation properties. Such metals should 
not have an adverse effect on the yield.The absorption of light 
energy by fluidised particles is an important area of research. 
Scale up of fluidised bed has always been a very difficult 
chemical engineering problem. It would therefore be a 
challenge to study the scale up of fluidised photo-reactors.
6.3.2 Titanium Exchanged Zeolites
Titanium exchanged zeolite seems to be very promising as 
a catalyst for the cleavage of water as well as production 
of ammonia. The process could prove to be economical as 
it uses air, sunlight and water if some of the present 
problems could be solved. The catalyst loses its activity 
after a few hours because of the loss of Tf3+. if the 
oxygen could be removed by utilising it in another reaction, 
then the loss of Tf3+ could be reduced.
More fundamental studies about the cations present and the 
extent of exchange should be undertaken. A more rigorous study 
of quantum yield should be made to account for the effect of 
light scattering.
A study of the interaction between fluidisation, irradiation 
and the kinetics of the process should be undertaken. These 
aspects should be investigated both for the titanium dioxide as 
well as the titanium exchanged zeolite.
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EFFECT OF ULTRAVIOLET IRRADIATION IN 
CLEAVAGE OF WATER AND AMMONIA SYNTHESIS REACTIONS
Cutting off Ultraviolet Irradiation
Irradiation in the near ultraviolet region is believed 
to be the cause of ammonia synthesis using TiOg as 
catalyst. Though the light source used in the present 
study produced irradiation predominantly in the visible 
region, there might be some trace in the near ultraviolet 
region. To cut off the trace of ultraviolet irradiation, 
an ultraviolet filter was placed in between the lamp and 
the reactor so that no other irradiation except that 
passing through the filter can reach the reactor.
A UV filter was used between the light bulb and the reactor 
to make the irradiation purely in the visible region. A 
blank experiment was performed using a pyrex glass filter 
instead of an ultraviolet filter between the light bulb 
and the reactor.
The effect of cutting off ultraviolet irradiation was 
studied over four exchanges of 0.50 to 0.71 mm 5A zeolite 
exchanged with 15% TiCl^ solution. The effect of cutting 
off ultraviolet irradiation was investigated both for 
the production of hydrogen and ammonia.
The results are presented in Table A-III. The differences 
in the results were within the limits of experimental 
error. It may be concluded that the reaction proceeded 
under visible light irradiation. The mechanism of the 
water cleavage and ammonia systhesis reaction over titanium 
exchanged zeolite seems to be different from the study 
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APPENDIX - III
EFFECT OF IRON IN THE EXCHANGING SOLUTION
(TiClg)
Iron in the Exchanging Solution
Iron has been found to play a useful role in the 
cleavage of water and ammonia synthesis reaction 
(25,31,32). Titanium compounds generally contain some 
iron. It is therefore possible that iron plays some 
part in the cleavage reaction. A 15% titanium 
trichloride solution containing less than 0.002% of 
iron was used as the starting material. Other exchanging 
solutions containing 0.2 and 0.4% (W/V) iron were 
prepared. Ferric chloride solutions were used to 
introduce the desired quantity of the metals to the 
exchanging solutions. The amount of hydrogen and ammonia 
obtained from TiCl^ solution containing iron in the 
exchanging solution is given in Table II.
The production of hydrogen and ammonia after the first 
exchange and the successive exchanges for 0.0, 0.2 and 0.4 
of iron were almost the same. The small differences were 
well within the ± 10% experimental error range. It could 
therefore be concluded that the presence of iron, if any, 
in the exchanging solution did not assist the cleavage 













































































































































MULTIPLE STAGE REACTOR FOR AMMONIA SYNTHESIS 
USING Ti-EXCHANGED ZEOLITE
Multiple Pass Reactor
The best possible conditions and variables obtained so 
far using single pass reactor were used to scale up the 
process. The multiple pass reactor consisted of four- 
passes. It had a sintered glass of porosity 1 which acted 
as distributor. Details of the reactor are given in 
Fig. A -IV. The internal diameter and height were 2 9 mm 
and 150 mm respectively. Gas was introduced through the 
side arm to the distributor in the first pass. The product 
gases collected from the outlet near the top of the first 
pass, were introduced to the second pass through a 
sintered glass disc. Product gases from the fourth pass 
were withdrawn through an outlet at the top. At the top of 
each pass removable caps were provided for the introduction 
of fresh catalyst and the withdrawal of exhausted catalyst.
5A zeolite was chosen as the catalyst. Though 0.25 to 0.50 
mm has given better yield, because of difficulties in catalyst 
addition and withdrawal, the particle size chosen was
0.50 to 0.71 mm. The zeolite was exchanged with freshly 
prepared 7.5% titanium trichloride solution. Production of 
ammonia and hydrogen per pass was obtained by dividing the 
total amount of product by four (number of passes).
Average production per pass of the multiple pass reactor 
has been compared with the production of a single pass 
reactor in Table A - IV - 1. An increase in the yield of 
ammonia was observed for multiple pass reactor. The 
percentage increase rose steadily during the first three 
exchanges, after which the multiple pass reactor performed
lL__ i l _ _ .
I T ------




2 Glass sintered disc
3 Side arm to feed the 
product gas to the 
next pass
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better than the single pass reactor by more than 30%
Higher yield was probably due to the reason that 
unreacted hydrogen in the circulating gases came in 
contact with the catalyst four times more than that 
in a single pass reactor. The possibility of 
conversion to ammonia was therefore greater than 
recombination with oxygen to form water.
APPENDIX V
E S R  S T U D I E S
T I T A N I U M  E X C H A N G E D
Z E O L I T E
(72 7 3)Titanium (III) ' Electron paramagnetic
resonance is a method for detecting unpaired electron 
paramagnetic species. The fundamental concept of the 
electron paramagnetic resonance phenomenon is best 
described by starting with an unpaired electron in a 
magnetic field of a given strength Ho. This electron 
posesses two properties associated with its spin 
angular momentum, the spin number I with a value of 
% and the magnetic moment M. Two orientations are 
possible for the electrons. It can align itself parallel 
to the direction of the field with an energy of jüH or
h g p'H less than zero field value or it can align 
itself against the direction of the field with an 
energy of ftH or h g^H more than zero field value. The
former orientation is considered to be of low energy 
while the latter is considered to be of high energy.
The term 'g ' is the spectroscopic splitting factor or
'g ' value, and p is the Bohr magnetor. The g value is
a measure of the contribution of the spin and orbital
motion of the electron to its total angular momentum.
hv = gpH or g = ^  ; = 0.71445 x lo“^
_ _ 0.71445 X  10~^ X  9.538 x 10^
H
Reaction Catalyst g value ^i^th ^^9
H 2 production New 1.944 35 A.l
H^ production Spent 4.34 A.2
H 2 production Regener­
ated 1.936 35 A.3
Reaction Catalyst g value width
NH
production New 1.940 35 A.l
NH 3
production Spent —  —
NH" Regener-
production ated 1.943 35 A.4
50 G
Fig A.l Esr spectrum of new catalyst
50 G
Esr spectrum of 
spent catalyst
Fig
Fig A.3 Esr spectrum of 
regenerated catalyst 
(Catalyst was used for 
hydrogen production)
50 G
Fig A.4 Esr spectrum of 
regenerated catalyst 





Plank and Einstein's frequency law for the magnitude 
of the .quantum energy Eq per mole (photo-chemical 
equivalent) for light of frequncy v or wavelengths A 
or wave number v = l/\
Eq = Nahv = NAhc/A (1)
23N^ = 6.023 X 10 molecules per mole (Avogadro
constant)
— 2 7
h = 6,6252 X 10 ' cm/sec (Plank's constant)
lo
c = 2.99792 X  10 cm/sec velocity of light
p
NA-hc = 1.19641 X  10 erg cm/mol (2)
Eq = N aJiv = = 1:196_|J5— erg/raole (3)
 ^ X(A )
where A is measured in angstrom units.
If {nq} is the number of moles of a reactant which is 
transformed by the absorption of {nq} mol. quanta 
of light and E abs = {nq} Eq is the light energy 
absorbed, then 0 = quantum yield of the
reaction
{nq}
{nq} =  E â M  =  E a ^  (4)
NAhv NaL c
<t> =  1.196 X lO^G {nr}
Eabs
where Eabs is in erg/mole and A in 8
Ti02
The quantity of light adsorbed was measured by a 
MACAM Model R.101. Radiometer/Photometer. The 
Radiometer gives reading in Wm ^ . For determining 
quantum yield the reactor used had a surface area of
0.0042 m^ . A blank experiment was performed with 
the empty reactor placed between the lamp and the 
radiometer. The amount of light which was refracted 
through the reactor and reflected from the reactor wall 
was measured. The catalyst was then introduced and 
similar measurements were made. The difference gave the 
amount of light absorbed by the catalyst. Light 
absorbed by the catalyst was 200 W/m^ at a flow rate of 
20ml sec ^ . The catalysts used were CIA^ and CIB^.
Both contained 20% TiOg in y-alumina. Therefore the amount 
of useful irradiation absorbed was 40 W/m^. Irradiation 
from the lamp was in the range 3000 - 4000 A^. Band gap 
of TiOg corresponds to 3900 - 4150 A°. Therefore only 
10% of the irradiation absorbed (4.0 W/m^) was utilised 
in the synthesis reaction.
Eabs/hr = illuminated area x light absorbed x 36 00
= 0.0042 X  4 X  10^ X  3600
= 60.48 X 10^ ergs
X = 3000%
Equation (5) reduces to
. 1.196 X 10^^ (Product in moles/hr)(j) = -------------
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5.07 X 10^ X (Product in moles/hr)
Ammonia synthesis reaction could be written as
+ SHgO 2 NHg + 1 .5O2 (6 )
Both ammonia and oxygen are considered .
as useful product. Results ««^quantum yield is reported in 
Table A-V-1. The amount of irradiation absorbed varies 
with the percentage of TiO^ in the catalyst.
Ti Exchanged Zeolite
2
Area of the reactor = 0.00819 m
Maximum radiation was in the range of 550o8
Amount of radiation absorbed by 1 to 2mm zeolite = 1 x 1O^erg
(The quantity of light absorbed was measured by Photometer 
The quantity of light absorbed varied with the size of the 
particles. For 0.25 to 0.5mm zeolite the light absorbed 
was 1.4 X 10^ ergs.
Eabs/hr = illuminated area x light absorbed x 36 00 
= 1 X  10^ X  0.00819 X  3600
= 29.48 X  10^ e r g s
X = 5500%
Substituting these values in Equation (5)
1.196 X  10^^ X (Product in moles/hr)
4)
29.48 X  10'7 X  5500
7.375 X  10^ X  (Product in moles/hr
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For the synthesis of ammonia the following equation 
has been proposed (section 5.4)
IITi^* (3Z) + 1E^= + I.5 N 2 ^ 2NH^
+ i H 2 + (2H2)(NH2) (3Z )
+ 5(Ti^* - 0 - Ti^*) (6Z) + Ti02
The relative amount of ammonia and hydrogen varied 
with size and type of zeolite. Therefore the calculation 
is based on equivalent moles of hydrogen produced.
11 moles of Ti^* exchanged on zeolite produces the 
equivalent of 7 moles of hydrogen. Amount of titanium 
exchanged on zeolite is given in Table 4.6. Results of 
stoichiometric calculation is presented in Table A-VI-2.
TURNOVER NUMBER
Childs and Ollis^^^^ have calculated the turnover number
as molecules reacted per surface site based on a
4 2catalytic site concentration of 5 x 10 /cm .
/ 32 ) 2
The surface area of TiOg is reported as 0.9 m /g.
In the present experiments 2 grams of TiOg were used.
2
Area = 1 . 8 m
Number of sites = 5 x lO^^x 1.8 x 10^= 9 x 10^^
Number of molecules of NH. ^ ..20
formed per hour  ^ = 0 . 2 2 6 x 1 0
(section 3.6.3 Catalyst CIB^)
20
Turnover/sec = No-. p_f molecules ^ P...226 x 10 ^ ^   ^^ -4
Area x sec 9 x 1 0  x 3600
(77) (78)
Clark and Weisz suggested that the active sites
for semiconductors were the defect or dopant sites, or
were sites arising from depletive chemsorption then
12 2their concentration would be about 10 /cm .
Therefore the number of sties would be;-
1.8 X  10^ X  10^2 = 1.8 X  lO^G
Turnover/sec = 0-226 x 10—
1.8 X  1 0 '^x 3600
= 0.348
Nomenclature
C = Product concentration measured in conductivity
units, mhos.
L = Source length, also height of liquid in cylin­
drical reactor.
P (c) = Local rate of reaction per unit volume,moles/ 
volume - time.
P(c) = Overall rate of reaction in reactor i, moles/
time.
= Volumetric flowrate at minimum fluidisation,cc/sec
r = Radial coordinate, length,cm.
= Inner radius of reactor, length, cm.
R = Outer radium of reactor, length,cm.
t = Time, sec.
= Minimum fluidisation velocity,cm/sec.
A = Wavelength of radiation, length.
y = Absorption coefficient, length
(p = Quantum efficiency, moles reacted moles of
quantum absorbed.
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